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Preface 


This  symposium  showcased  the  advancement  in  processing  technology  and  basic 
scientific  understanding  of  ferroelectric  thin  films  The  conference  highlighted  die  use- 
of  novel  materials  science  analysis  techniques  to  characterize  ferroelectric  thin  film 
materials  and  devices  and  to  relate  the  nanoscale  features  and  responses  delected  bv 
these  techniques  to  ferroelectric,  electrooptic  and  piezoeleclnc  properties.  Hxampics 
of  newer  material  analysis  techniques  included  atomic  force  microscopy,  electron  spin 
resonance,  high  resolution  transmission  electron  microscopy,  combined  Rutherford 
backscattering-nuclear  reaction  analysis  and  the  use  of  optical  interferometry  to  pros  idc 
a  three  dimensional  representation  of  field  induced  displacement 

There  was  a  strong  emphasis  in  this  proceedings  regarding  prtKess  integration 
issues  and  the  advancement  of  new  electrode  materials.  While  the  developmeiu  of 
eleclrtxle  processing  techniques  and  the  resulting  electrical  and  optical  properties  of 
ferroelectric  thin  films  were  reported,  relationships  to  and  characterization  of 
ferroelectric  film  microstructures  were  stressed.  Numerous  dry  etching  techniques  were 
presented  for  ferroelectric  thin  films,  electrodes  and  diffusion  barriers.  Hxcellcni 
ferroelectnc  thin  film  properties  were  demonstrated  for  thin  films  fabricated  by 
prixiuclion  scale  metallorganic  chemical  vapor  deposition  processes.  I'lnally.  the 
development  of  the  first  fully  integrated  commercial  pyroelectric  infrared  ferrivlectnc 
thin  film  sensor  was  reported. 

This  symposium  proceedings  presents  the  latest  technical  information  on  ferro 
electric  thin  films  from  academia,  government  organizations  and  industry.  It  highlights 
advances  made  during  the  past  18  months,  since  the  last  I'erroelectric  riim  I'llms 
symposium  held  at  the  Fall  1991  MRS  meeting,  and  provides  insight  into  the  current 
trends  emerging  for  this  exciting  technology. 

The  papers  in  this  proceedings  volume  were  presented  at  the  Materials  Research 
.Society  Spring  1993  Ferroelectric  Thin  Films  III  Symposium  held  i  t  San  Francisco.  CA 
on  April  16-20. 
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ABSTRACT 

Using  electron  paramagnetic  resonance  (EPR)  we  have  followed  the  microstructural 
evolution  with  temperature  of  lead  zirconate  titanate  (PZT)  ceramics  from  the  amorphous  to  the 
perovskite  phase.  A  number  of  paramagnetic  point  defects  were  identified  (Carbon,  Pb+3,  and 
Ti+3)  while  traversing  the  evolution  of  these  ceramics  during  various  heat  treatments  both 
before  and  after  optical  illumination.  Perhaps  the  most  important  finding  is  that  the  Pb‘*^3  and 
Ti+3  centers  can  only  be  optically  created  in  the  perovskite  materials,  thereby,  showing  that 
they  are  not  associated  with  the  amorphous  or  the  pyrochlore  phases.  It  is  also  found  that  EPR 
signals  attributed  to  carbon  radicals  are  present  in  fairly  high  concentrations  (4  x  10*^/cm3)  if 
the  solution  chemistry  derived  PZT  materials  are  annealed  in  an  oxygen  deficient  ambient  (0.1% 
02)  at  650°C. 


INTRODUCTION 

Perovskite  films  of  Pb(2;r,Ti)03  (PZT)  are  of  widespread  interest  because  of  the  many 
microelectronic  and  opto-electronic  applications  for  which  these  films  could  improve 
performance  (1,2|.  Basic  research  on  the  processing  and  electrical  properties  of  these 
feaoelectric  thin  films  is  relevant  if  these  materials  are  to  be  used  in  microelectronic  devices 
[3,4]. 


We  have  investigated  the  nature  of  defects  in  virgin  and  ultra-violet  (UV)  illuminated 
sol-gel  derived  PZT  ceramics  annealed  at  different  temperatures  using  electron  paramagnetic 
resonance  (EPR).  The  UV-excitation  was  necessary  to  transform  some  of  the  defects  into  their 
EPR-active  state.  We  find  that  the  EPR-centers  observed  are  strongly  dependent  on  the  anneal 
temperature  and/or  crystalline  phase  of  the  PZT  as  well  as  the  anneal  ambient.  The  three  major 
paramagnetic  defects  observed  include  Pb+^  |5]  and  Ti**  [6]  ions,  and  a  resonance  attributed  to 
carbon  dangling  bonds.  It  is  found  that  the  Pb*7  and  Ti*7  centers  are  only  created  in  the 
perovskite  phase,  and  thus,  appear  to  be  an  inherent  feature  of  the  perovskite  phase.  The 
carbon  dangling  bonds  are  shown  to  be  present  in  fairly  large  densities  (4  x  lOD/cm^)  in  PZT 
materials  annealed  at  relatively  high  temperatures  (650'C)  in  an  oxygen  deficient  ambient.  A 
density  this  large  may  strongly  affect  the  materials'  electronic  properties. 


EXPERIMENTAL  PROCEDURE 

PZT  gel  derived  particles  were  fabricated  using  a  solution  chemistry  technique  similar  to  that 
described  by  Yi  and  Sayer  [7],  .Mkoxide  derived  solutions  (0.25  M)  were  synthesized  from 
precursors  of  lead  (11)  acetate  trihydrate,  titanium  tetraisopropoxide  and  zirconium  n-butoxide- 
butanol  with  additions  of  acetic  acid,  deionized  water  and  methanol.  While  PZT  53/47  gel 
derived  particles  were  used  in  this  phase  evolution  study,  single  phase  perovskite  gel  derived 
particles  were  fabricated  and  characterized  using  EPR  for  PZT  compositions  with  Zr/Ti 
stoichiometries  that  ranged  across  the  PZT  phase  diagram.  The  alkoxide  .solutions  were  placed 
in  glass  containers  and  dried  at  50’C  for  12  h  to  remove  excess  solvent.  The  PZT  53/47  gels 
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were  then  placed  in  Pt  lined  alumina  crucibles  and  heated  at  I'C/min.  in  air  to  either  300, 450, 
650  or  800‘C  which  resulted  in  PZT  microstructures  containing  systematically  varying 
assemblages  of  amorphous,  pyrochlore.  and  perovskite  phases  as  determined  by  X-ray  and 
scanning  electron  microscopy  (SEM).  Single  phase  perovskite  gel  derived  PZT  particles  of 
other  Zr/Ti  stoichiometries  were  obtained  by  heat  treating  at  either  650  or  800’C,  While  the 
PZT  53/47  samples  annealed  at  300  and  450'C  were  kept  at  temperature  for  24,  or  48  hrs, 
particles  annealed  at  650  and  800'C  were  held  at  temperature  for  30  min.  The  presence  of 
carbon  dangling  bonds  in  the  300'C  and  450'C  gels  made  precise  EPR  measurements  difficult 
Therefore,  after  the  50”C  drying  operation,  subsequent  gels  were  heated  to  300'C  and  then 
mechanically  reduced  to  less  than  50  pm  in  particle  size.  These  finer  gel-derived  particles  were 
heat  treated  at  350,  400,  and  500‘C  for  24  hrs,  substantially  less  carbon  was  detected  and  die 
perovskite  crystallization  temperature  appeared  to  be  lowered. 

Systematic  variation  of  the  volume  fraction  of  phases  in  PZT  gels  is  critical  to  the  proper 
interpretation  of  the  EPR  results.  For  the  coarser  particles,  both  X-ray  diffraction  analysis  and 
scanning  electron  microscopy  (SEM)  indicated  that  the  gel  particles  annealed  at  300"C  were 
completely  amorphous  and  that  PZT  53/47  gel  particles  annexed  at  t)50  and  8(X)'C  were  single 
phase  perovskite.  Relatively  uniform,  equiaxed  grains  on  the  order  of  1pm  were  observed  for 
the  800"C  samples.  No  evidence  of  minor  phases  were  detected  by  SEM  analysis.  If  such 
minor  phases  do  exist,  we  conservatively  estimate  that  they  are  less  than  1%  by  volume  of  these 
two  gels.  Integrated  peak  height  intensity  ratios  indicated  that  the  coarse  gel  panicles  heat 
treated  at  450*C  contained  approximately  equal  amounts  of  pyrochlore  and  perovskite  phases. 
Previous  studies  have  shown  that  X-ray  diffraction  often  substantially  underestimates  the 
volume  percent  of  pyrochlore  phase  in  chemically  prepared  PZT  materials  (8,9). 
Unfortunately,  because  of  the  heterogeneous  nucleation  of  perovskite  phase  in  the  450'C 
panicles,  it  was  impossible  to  quantify  the  volume  fractions  of  each  phase  by  SEM. 

The  X-ray  diffraction  patterns  of  fine  gel-derived  particles  heat  treated  at  350, 400  and  500'C 
are  shown  in  Fig.  1,  respectively.  While  the  diffraction  patterns  indicated  that  the  350‘C  gel 
consisted  of  three  phases:  pyrochlore,  perovskite,  and  PbO,  the  400'C  particles  consisted  of 
two  phases;  perovskite  and  pyrochlore.  (There  may  actually  be  some  undetectable  (by  X-ray) 
amorphous  phase  in  the  triphasic  sample.)  The  500'C  gel-derived  particles  were  single  phase 
perovskite  by  X-ray  diffraction.  In  this  paper,  the  samples  corresponding  to  the  300,  350,  400, 
and  500‘C  anneals  will  be  termed  amorphous,  triphasic,  diphasic,  and  perovskite,  respectively. 
Once  again,  accurate  determination  of  the  volume  fraction  of  each  phase  using  SEM  analysis 
was  not  successful.  Nonetheless,  it  is  very  evident  that  the  volume  fraction  of  perovskite  phase 
increases  with  annealing  temperature. 


FIG.  1.  X-ray  diffraction 
patterns  for  PZT  samples 
annealed  at  350, 400,  and 
500"C  in  air  for  24  hrs. 
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Some  ot  the  PZ  T  gels  were  also  annealed  in  an  oxygen  -'efieienl,  or  reducing  ambienl  (0. 1  % 
02)  at  650’C.  Both  massicot  (orthorhombic  phase)  and  litharge  (tetragonal  phase)  commea’ial 
PbO  powder,  were  also  investigated.  Enhancement  of  the  volume  percentage  of  the  tetragonal 
phase  was  prepared  by  annealing  the  massicot  PbO  powder  at  800'C  in  air  for  1  hr. 

The  EPR  measurements  were  made  on  a  Bruker  ESPOOOE  X-band  .spectrometer  at  25K. 
An  Oriel  UK)  W  Hg  arc  lamp  was  used  in  conjunction  with  a  3.4  eV  narrow-band  interference 
filter  for  the  room  temperature  monochromatic  illumination  of  the  PZT  and  PbO  powders. 
Following  the  UV  illumination,  the  samples  were  quickly  cooled  (30  sec)  to  25K. 


RESULTS  AND  DISCUSSION 

Figure  2  shows  that  optica)  illumination  creates  both  Pb'''3  and  Ti"*^-^  centers  in  single  phase 
perovskite  PZT  53/47  materials.  In  other  publications  it  was  demonstrated  that  the  optically 
induced  EPR  signal  at  g  =  1.995  is  due  to  Pb'*'3  (5)  by  observation  of  the  very  large  nuclear 
hyperfine  interaction  of  the  21.1%  abundant  1  =  1/2  ^OVpb  nuclei.  The  other  EPR  signal  at  g  = 
1.934  was  found  to  be  due  to  Ti+3  centers  by  a  combined  EPR/optical  absorption  spectroscopy 
study  (61.  It  was  found  that  the  Ti'''^  centers  are  partly  responsible  for  the  absorption  at  2.6  eV, 
which  is  a  characteristic  crystal  field  splitting  energy  of  Ti'''^  ions  in  many  materials  IIOJ.  In 
order  to  show  that  the  optically  induced  Pb'''3  and  Ti+3  centers  are  only  a  feature  of  the 
perovskite  structure,  we  now  investigate  the  response  of  UV-illumination  on  the  (1)  diphasic 
(pyrochlore  and  perovskite)  and  (2)  amorphous  phases  of  PZT,  as  well  as  the  (3)  litharge  and 
(4)  massicot  phases  of  PbO.  The  results  are  summarized  in  Table  1.  Table  1  supports  our 
ascertation  that  these  optically  induced  EPR  centers  are  only  associated  with  the  perovskite 
structure,  and  hence,  are  not  due  to  a  small  undetectable  (by  SEM,  X-ray)  pyrochlore  or 
amorphous  phase(s)  in  the  'single  phase’  perovskite  materials.  These  results  also  effectively 
demonstrate  that  the  defect  center  is  not  associated  with  excess  PbO  in  the  perovskite  ceramics; 
if  this  was  the  case,  then  we  would  expect  to  observe  large  UV-induced  EPR  signals  in  the  pure 
PbO  samples,  which  simply  did  not  occur. 

It  should  be  mentioned  that  UV-illumination  did  create  very  small  Pb'''^  signal  in  the  sample 
annealed  at  350  and  400*C  in  air,  i.e.,  the  ones  we  term  triphasic  and  diphasic,  respectively. 
The  density  of  the  Pb^3  signal  was  only  a  very  small  fraction  (3-10%)  of  that  observed  in  the 
UV-illuminated  single  phase  perovskite  sample.  We  believe  that  the  paramagnetism  in  these 
samples  result  from  a  small  amount  of  embedded  perovskite  phase  that  is  present.  Consistent 
with  this  argument,  recall  from  the  X-ray  diffraction  patterns  (Figs.  l(a  and  b))  that  these 
particular  samples  do  indeed  contain  some  perovskite  phase.  Following  our  earlier  argument,  if 
these  defects  were  associated  with  the  pyrochlore  or  amorphous  phases,  then  we  would  expect 
to  observe  the  largest  density  of  EPR  centers  in  either  the  amorphous,  triphasic,  or  diphasic 
samples,  which  again  did  not  occur.  However,  note  that  the  Pb'*’3  density  does  increase  with 
annealing  temperature  as  does  the  perovskite  phase. 

Therefore,  it  appears  as  though  the  Pb'*'^  center  can  be  described  as  a  hole  trapped  on  a  comer 
Pb'*'^  ion  in  the  perovskite  lattice,  and  the  Ti'''^  center  is  simply  an  electron  trapped  at  the  central 
Ti+'*  ion  in  the  perovskite  lattice.  To  further  substantiate  this  point,  we  have  also  been  able  to 
show  that  Pb''‘3  centers  are  created  in  single  crystals  of  PbTi03  111);  this  argues  that  the  defects 
are  not  necessarily  located  at  the  grain  boundaries  in  the  polycrystalline  ceramics  investigated 
here.  On  a  similar  note,  it  is  found  that  Pb'''^  centers  arc  optically  induced  in  every  Ti/Zr 
stoichiometry  that  we  have  explored  in  the  PZT  system  (0/100,  5/95,  10/90,  25/75,  48/52, 
53/47,  56/44,  75/25,  90/10,  and  100/0)  [12].  We  believe  that  these  collective  results  provide 
strong  evidence  that  holes  being  trapped  at  Pb'''^  centers  are  germane  to  the  Pb-based  perovskite 
ferroelectrics. 
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Fig.2,  EPR  trace  showing  that  UV- 
light  creates  and  Ti'*'^  centers 


in  perovskite  PZT. 

- 

1  1.4.14  -5 
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Phase 

Pb'*'^  or  Ti'*'3  centers 

PZT 
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NO 
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YES  (3%  densiiyl 

Table  I.  Formation  of 

PZT 

diphasic 

YES  (10%  density) 

UV-activated  EPR  centers 

for  various  PZT  and  PbO 

PZT 

perovskite 

YES 

phases. 

PbO 

litharge 

NO 

PbO 

massicot 

NO 

At  this  juncture  we  now  turn  to  the  observation  of  an  extrinsic  defect  center  in  solution- 
derived  PZT  which  we  ascribe  to  carbon  dangling-bonds.  These  particular  defect  centers  were 
observed  without  optically  illuminating  any  of  the  ceramics,  i.e„  they  are  present  in  the  virgin 
materials.  This  resonance  is  observed  in  the  amorphous  PZT  materials  annealed  at  300*C  in  air 
as  illustrated  in  Fig.  3  (a).  The  concentration  of  carbon  dangling  bonds  is  3  x  lO^^/cm^.  We 
ascribe  this  resonance  to  a  carbon  dangling  bond  since  its  zero-crossing  g  value  of  2.0024  and 
peak-to-peak  linewidth  is  characteristic  of  carbon  radicals  in  many  different  materials  [13,14]. 
Consistent  with  the  carbon  radical  assignment,  it  should  be  noted  that  the  amorphous  powder 
was  visually  black.  Evidently,  the  300"C  anneal  in  air  is  not  sufficient  to  oxidize  all  the  residual 
organics.  These  observations  also  suggest  that  the  oxidation  process  in  part  involves  unpaired 
spins  on  carbon  atoms.  The  carbon  radicals  observed  here  are  not  bonded  to  hydrogen,  i.e., 
methyl  radicals,  ‘■..ice  these  centers  would  produce  characteristic  hydrogen  nuclear  hypeifine 
splittings  [13, '5|. 

We  find  that  annealing  the  PZT  powders  at  T  >  400’C  in  air  tends  to  further  oxidize  the 
carbon  dangling  bonds  as  shown  in  Fig.  3  (b)  and  (c);  these  samples  were  annealed  at  400  and 
650"C,  respectively.  To  get  rio  ol  ii.'  carbon  radicals  at  T  <  400’C  it  was  necessary  to  anneal 
the  PZT  gel  powders  for  extended  periods  of  time  (roughly  12  hrs). 

Trace  3  (d)  shows  a  very  large  EPR  signal  which  we  again  ascribe  to  carbon  dangling  bonds 
(4  X  10^^/cm3)  in  PZT  samples  annealed  at  650*C  in  an  oxveen  deficient  ambient  (0.1%  02). 
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The  spin  resonance  features  are  essentially  identical  to  that  observed  in  Trace  3  (a);  consistent 
with  this  carixjn  assignment,  the  sample  was  again  visually  black.  (The  PZT  powder  annealed 
at  650“C  in  air  was  a  yellowish-orange  color.)  To  further  confirm  the  carbon  radical 
identification  we  investigated  the  microwave  saturation  characteristics  of  the  g  =  2.0024 
resonance  in  the  PZT  to  that  of  strong  pitch,  i.e.,  a  carbon  EPR  standard.  The  results  are 
plotted  in  Fig.  4.  As  shown  the  microwave  saturation  characteristics  are  essentially  identical 
between  the  two.  Ihis  provides  further  evidence  for  our  carbon  dangling-bond  assignment 


(aT^ 


Fig.  3  l-.PR  traces  of  PZT 
corresf  jnding  to  the  (a) 
amorphous,  (b)  diphasic, 
and  (c)  perovskite  phases 
all  annealed  in  air.  Trace  (d) 
was  for  a  PZT  powder  annealed 
at  650"C  in  0.1%  02. 
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Fig.  4  Microwave  saturation 
characteristic  for  the  PZT 
sample  annealed  in  a  reducing 
ambient  (0.1%  O2/650’C)  and 
strong  pitch,  a  carbon  EPR 
standard. 


The  observation  of  carbon  radicals  may  be  of  interest  when  considering  the  effects  of 
annealing  ambient  on  solution  derived  PZT  electronic  properties.  It  should  be  mentioned  that 
large  paramagnetic  carbon  densities  can  certainly  effect  the  materials'  electronic  properties,  and 
should  be  considered  as  a  possible  candidate  for  any  observed  degradation  of  PZT  films 
annealed  in  a  reducing  atmosphere. 
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CONCLUSIONS 

We  have  been  able  ic  determine  that  the  optically  induced  Pb'*'^  and  Ti'*'^  centers  are 
associated  with  the  perovskite  phase  of  PZT.  This  result,  coupled  with  our  earlier  observations 
on  Pb'''^  centers  15,1 1,1 2|,  strongly  suggests  that  this  center  is  inherent  to  Pb-based  perovskite 
ferroelectrics.  This  study  has  also  shown  that  if  the  PZT  ceramics  are  annealed  in  a  reducing 
ambient,  even  at  relauvely  high  temperatures  (650'C).  carbon  radicals  are  present  in  fairly  high 
densities. 
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OXYGEN  TRACER  DIFFUSION  IN  SOL-GEL  DERIVED 
Pb(Zr,Ti)03  THIN  FILMS 

JOHN  J.  VAJO.  L.A.  MOMODA,  S.B.  WONG  AND  G.S.  KAMATH 
Hughes  Research  Laboratories,  301 1  Malibu  Canyon  Road,  Malibu,  CA  90265 

ABSTRACT 

We  have  studied  oxygen  diffusion  in  thin  films  of  Pb(Zr,Ti)03  on  Pt/Ti/SiOj/Si  <100> 
multilayer  substrates  using  '*0  as  a  tracer.  The  PZT  films  were  synthesized  using  the  sol-gel 
technique  and  crystallized  in  air  at  650“  C  for  30  minutes.  Diffusion  experintents  were 
conducted  in  one  atmosphere  of  '*02  at  temperatures  between  400-600°C,  the  extent  of 
exchange  was  monitored  using  secondary  ion  mass  spectrometry.  Exchange  profiles  were 
modeled  using  solutions  of  the  diffusion  equation  with  boundary  conditions  for  a  layer  with 
finite  thickness.  Significant  exchange  (>60%)  of  '*0  by  **0  was  measured  after  treatment 
under  conditions  simitar  to  those  us^  for  crystallization.  At  low  levels  of  exchange,  oxygen 
diffusion  does  not  follow  a  simple  Fickian  profile  and  differences  exist  between  nominally 
identical  films.  These  results  suggest  that  oxygen  exchange  is  sensitive  to  the  film's 
microstructure. 

INTRODUCTION 

The  effect  of  defect  chemistry  on  the  electrical  device  performance  of  lead  zirconate  tinnaie 
thin  films  (PZT),  especially  for  nonvolatile  memory  applications,  has  been  a  subject  of  recent 
interest  [1,2].  (Charged  defects  such  as  oxygen  vacancies  have  been  suspected  as  the  origin  of 
switching  fatigue  and  high  film  conductance.  Previous  studies  have  shown  that  oxygen 
diffusion  can  readily  occur  in  the  perovskite  based  ceramics  and  single  crystals  13-51  and  the 
results  of  some  recent  work  suggest  that  an  oxygen  annealing  atmosphere  does  improve  the 
device  performance  of  ferroelectric  thin  films  16].  In  our  study,  oxygen  exchange  in  sol-gel 
derived  PZT  thin  films  was  investigated  using  an  cracerand  depih  prowling  with 
secondary  ion  mass  spectrometry  (SIMS)  to  measure  diffusion  profiles  for  oxygen.  We  have 
determined  the  diffusion  characteristics  of  oxygen  in  the  films  and  we  have  found  that  oxygen 
tracer  diffusion  can  be  used  as  a  characterization  technique  which  exposes  subtle  differences  in 
the  defect  chemistry  and  the  microstructure  of  the  film. 

EXPERIMENTAL  PROCEDURES 

PZT  thin  films  of  nominal  composition  Pb(Zro,3Tio,7)03  were  synthesized  from  lead  (IV) 
acetate,  zirconium  n-butoxide  and  titanium  isopiopoxide  precursors  using  the  sol-gel  method 
17].  Three  layers  of  the  sol  were  spin  coated  onto  a  multilayer  substrate  consisting  of  250  nm 
Pt/100  nm  Ti/KXX)  nm  Si02  on  Si<100>.  Each  layer  was  pyrolyzed  for  5  minutes  at  300°  C  to 
remove  most  of  the  water  and  solvents  from  the  film.  The  entire  three  layer  stack.  -280  nm 
thick,  was  then  heat  treated  at  650°  C  for  30  minutes  in  air  to  promote  crystallization.  The  films 
were  air  quenched  after  the  heat  treatment.  The  achievement  of  a  polycrystalline  tetragonal 
perovskite  structure  was  verified  by  x-ray  diffraction  analysis. 

Oxygen  diffusion  into  the  films  was  studied  using  *802  (98.6%  isotopic  purity)  as  a  tracer. 
The  films  were  annealed  in  a  sealed  ampule  that  consisted  of  a  30  cm  quartz  tube  with  a  1  cm  x 
0.5  cm  rectangular  cross  section  connected  to  a  400  cm^  ballast  volume  that  remained  outside 
the  furnace  at  room  temperature.  The  ballast  volume  maintained  a  constant  atmospheric 
pressure  (±  10%)  of  1*02  >n  the  ampule  between  25°  C  and  900°  C.  The  samples  were  heat 
treated  by  inserting  the  ampule  into  a  preheated  furnace  fw  various  periods  of  time. 

Secondary  ion  mass  spectrometry  (SIMS)  and  Auger  electron  spectroscopy  (AES) 
measurements  were  performed  in  a  Perkin-Elmer  595/600  system  with  a  PHI  3500  SIMS  II 
attachment.  SIMS  profiles  were  obtained  using  3.0  keV  Ar*  primary  ions  (40°  angle  of 
incidence,  3(X)  nA  current,  100  fim  spot)  rastered  over  ~  1  mm^  area  with  only  the  central  4% 
being  analyzed.  '6o  and  '*0  negative  secondary  ions  as  well  as  other  positive  secondary  ions 
species  were  monitored. 
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PZT  film  thicknesses  were  detennined  by  profilomeler  measurements  of  craters  sputtered 
down  to  the  PZT/Pt  interface. 

RESULTS 

Figure  1  shows  an  AES  spunered  depth  profile  of  a  typical  PZT/Pi/Ti/SiCH/Si  structure 
after  crystallization  in  air  for  30  minutes  at  650°  C.  The  profile  shows  the  initial  composition  of 
the  PZT/electrode/substrate  structure  used  for  the  '*02  exchange  measurements.  There  are 
several  important  features  to  the  profile.  As  reponed  previously  |8|,  the  surface  of  the  PZT 
layer  is  enriched  in  Pb  and  depleted  in  Ti  suggesting  a  PbO  rich  surface.  Within  the  limits 
imposed  by  the  analysis  conditions,  the  PZT/Pt  interface  is  sharp.  In  contrast,  the  Pl/Ti 
interface  is  broader  which  may  indicate  intermixing  of  the  Pt  and  Ti  layers  during  crystallization 
or  which  may  be  an  artifact  of  the  sputtering  process.  Significant  diffusion  of  Pt  into  the  Ti 
layer  is,  however  confirmed  by  the  observation  of  a  Pt  containing  phase  seen  within  the  Ti 
layer  at  a  sputtering  time  of  -76  minutes.  The  most  obvious  effect  of  heating  the  layers  is  that 
after  cryst^lization,  the  Ti  layer  is  oxidized.  Although  the  atomic  concentrations  are 
approximate,  the  predicted  composition  is  close  to  Ti02.  This  effect  has  been  observed 
previously  for  Pt/Ti  and  other  PZT  electrode  structures  |9,10|.  Obviously,  the  properties  of 
the  PZT  layer  could  be  altered  by  migration  of  oxygen  from  the  PZT  layer  to  the  Ti  layer  during 
crystallization. 

After  heating  in  '*02,  the  fraction  of  '*0  in  the  PZT  layer,  (f(  '*0)).  was  determined  from 
SIMS  sputtered  depth  profiles  using  the  expression 

,(»o) .  T”) 

'  '  i("o)*  i(“o) 


where  I(x)  is  the  SIMS  intensity  of  the  species  x.  Exchange  data  are  shown  in  Figure  2  for 
three  '*02  heat  treatment  conditions  and  for  a  sample  not  treated  in  '*02.  Without  treatment, 
f('*0)  =  0.002  which  is  approximately  the  natural  abundance  of  '*0.  Therefore,  there  are  no 


Sputtering  time  (min) 

Figure  1 .  Auger  depth  profile  of  a  PZT  film  after  crystallization  at  650°  C  for  30  minutes.  The 
Zr  signal  which  overlaps  with  the  Pt  signal  has  been  omitted  for  clarity. 


detectable  interferences  in  I(  ’^)  from  sources  such  as  H2O  which  is  generated  during  the  sol 
gel  process.  After  treatment  in  **^^2  at  600°  C  for  30  minutes  there  is  >60%  exchange 
throughout  the  PZT  film.  Figure  2.  Since  these  conditions  are  similar  to  those  used  for 
cTystallization  (in  this  work,  650°  C  for  30  minutes)  the  exchange  illustrated  in  Figure  2 
indicates  that  any  oxygen  lost  from  the  PZT  film  can  be  simultaneously  replenished  from  the 
gas  phase.  More  generally,  this  result  implies  that  exchange  of  oxygen  in  the  PZT  film  with 
oxygen  in  the  gas  phase  occurs  during  crystallization. 

The  exchange  of  oxygen  into  the  oxidized  Ti  layer  was  also  monitored  and  in  all  cases  was 
found  to  be  sm^l.  For  example,  treatment  at  600°  C  for  .30  minutes,  for  which  >  60% 
exchange  occurs  in  the  PCT  layer,  results  in  <  2%  exchange  in  the  Ti  layer  (data  not  shown). 
This  result  demonstrates  that  oxidation  of  the  Ti  layer  reaches  completion  during  crystallization 
and  that  oxygen  in  the  Ti  layer  is  kinetically  more  stable  than  oxygen  in  the  PZ"!  layer. 

At  the  PZT  surface  f('*k3)  does  not  equal  the  gas  phase  atomic  fraction  (0.99).  This  result 
indicates  that  there  is  a  kinetic  barrier  to  oxygen  incorporation  (dissociation)  at  the  PZT  surface. 
The  extent  to  which  the  barrier  is  related  to  the  deviations  from  the  nominal  composition,  as 
shown  in  Figure  1,  is  being  studied. 

The  depth  distributions  of  f(  '*k3)  were  modeled  using  Fick's  laws.  For  a  layer  with  finite 
thickness,  the  solution  of  the  diffusion  equation  yields 

f("0)  =  C  y(-iy  erfc[^^^J^‘>^<’^~^jlerfc  airllihl’L'.l*]  (2) 
'  [  I  2(Dtf  I  2(Dtf  I 

where  Q,  is  the  fraction  of  **kD  at  the  PZT  surface,  a  is  the  PZT  film  thickness,  x  is  the  depth 
measured  from  the  PZT  surface,  D  (cm^/sec)  is  the  diffusion  coefficient,  t  is  the  '*^32  treatment 
time,  and  erfc  is  the  complementary  error  function  1 1 1 1.  For  each  exchange  measurement,  Co 
and  D  were  adjusted  to  best  fit  the  measured  profiles.  Curves  calculated  using  the  first  three 


Depth  (nm) 

Figure  2.  Fraction  of  in  PZT  as  a  function  of  depth  for  three  sample  following  heat 
treatments  in  '*€>2  and  for  an  untreated  sample.  Solid  lines  are  results  of  model  calculations 

using  equation  (2). 
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terms  in  equation  2  are  shown  in  Figure  2. 

In  cases  where  the  extent  of  exchange  is  large,  >  10^  throughout  the  film,  the  F  ickian 
model  describes  the  exchange  well.  In  panicular,  there  is  no  noticeable  effect  of  the  variation 
in  composition  near  the  surface  (see  Figure  1 )  on  die  extent  of  oxygen  exchange.  In  cases 
where  the  extent  of  exchange  falls  below  ~5%.  deviations  from  the  mtxlel  behavior  ixicur  The 
deviations  are  relatively  small.  For  example,  for  treatment  at  495°  C  for  45  minutes  (Figure  2|. 
the  model  fails  to  account  for  only  5%  of  the  oxygen  atoms  exchanged. 

Diffusion  coefficients,  determined  by  fitting  equation  2  to  the  f(  '**0)  profiles  for 
temperatures  from  4(X1°  to  &(X)°  C.  are  plotted  in  Arrhenius  form  in  Figure  3.  The  behavior  is 
linear  with  an  activation  energy,  Edip-,  of  54  ±  4  kcal/mol  (2.3  ±  0.2  eV)  and  a  diffusion 
prefactor  Dq  =  10 O-btl  0  cm^/sec 

In  Figure  4,  the  exchange  of  oxygen  into  three  different  but  nominally  identical  films  are 
compared  after  simultaneous  treatment  at  445°  C  for  180  minutes.  The  extent  of  exchange  is 
similar  for  all  three  films  with  minor  differences.  The  differences  between  the  films  increase  as 
the  level  of  exchange  decreases  with  increased  depth.  For  the  profiles  shown  in  Figure  4,  the 
total  fraction  of  oxygen  atoms  exchanged  varies  between  6%  and  8%. 

DISCLSSION 

Figure  1  demonstrates  that  the  Ti  electrode  layer  oxidizes  during  crystalliz.ition  of  the  PZl 
film.  The  origin  of  the  oxygen  atoms  which  are  eventually  bound  in  the  Ti  layer  is  of  interest 
because  the  oxygen  vacancy  concentration  affects  the  electrical  properties  of  the  PZT  film.  One 
possible  source  of  oxygen  is  the  Si02  layer  since,  on  a  thermodynamic  basis,  Ti  will  react  with 
Si02  to  form  Ti02  and  Ti  silicides  1 12|.  From  Figure  1,  it  does  not  appear  that  a  distinct  Ti 
silicide  layer  is  formed  indicating  that  the  crystallization  conditions  were  not  favorable  for  the 
Ti  to  react  with  Si02.  A  second  source  of  oxygen  for  oxidation  of  the  Ti  layer  is  the  P2T 
layer,  This  mechanism  would  involve  oxygen  diffusion  through  the  intervening  Pt  layer.  Ltsss 
of  oxygen  from  the  PZT  layer  would  be  expected  to  alter  adversely  the  electrical  propenies  of 
the  PZT.  However,  Figure  2  illustrates  that  any  oxygen  lost  from  the  PZT  layer  can  be 
replenished  with  oxygen  from  the  gas  phase. 


10-’^ 


10'^“ 
10’  = 
Q  1  O'  ’  ® 


10'^^ 


10"’® 

1.0  1.1  1.2  1.3  1.4  1.5 

1000/T  (K  ’) 

Figure  3.  Arrhenius  plot  of  diffusion  coefficients  determined  from  numerical  fits  to 

equation  (2). 


13 


Figure  4.  Fraction  of  ’*kD  as  a  function  of  depth  following  treatment  in  at  445°C  for  1  SO 
minutes  for  three  similarly  processed  films. 

The  observation  of  significant  oxygen  exchange  under  conditions  similar  to  those  used  for 
crystallization  implies  that  during  crystallization,  the  concentration  of  oxygen  in  the  P7.T  film  is 
in  equilibrium  or  near  equilibrium  with  oxygen  in  the  gas  phase.  Thus,  changes  in  the  partial 
pressure  of  oxygen  will  affect  the  oxygen  vacancy  concentration.  |  VqI,  in  the  PZT  film.  This 
conclusion  has  been  confirmed  by  the  measurements  of  the  electrical  charactenstics  of  films 
annealed  at  various  oxygen  partial  pressures  |6).  In  addition.  |  Vd  will  depend  on  the 
temperature  of  cry  stallization  as  well  as  on  the  rate  of  cooling  following  crystallization.  A  rapid 
cooling  would  be  expected  to  "freeze-in"  the  |  Vd  present  at  the  crystallization  temperature.  If 
the  temperature  is  lowered  slowly,  the  |  Vq)  will  adjust  until  the  kinetics  become  too  slow  to 
keep  pace  with  the  decreasing  temperature.  The  extent  to  which  these  processing  variations 
alter  electrical  properties  and  whether  or  not  variations  in  crystallization  conditions  can  be 
observed  using  oxygen  exchange  measurements  are  being  studied. 

The  model  calculations  using  equation  (2)  shown  in  Figure  2  assume  that  the  diffusion 
constant  is  independent  of  depth  throughout  the  PZT  film.  This  assumption  apps  ars  to  be 
justified  for  profiles  with  >  5%  exchange  throughout  the  film  by  the  excellent  agreement 
between  the  model  calculations  and  the  measured  profiles.  However,  deviations  occur  when 
the  level  of  exchange  falls  below  3-5%.  In  these  cases,  the  model  calculations  underestimate 
the  measured  extent  of  exchange  indicating  that  there  are  faster,  although  minor,  diffusion 
mechanisms.  Since  the  PZT  films  are  polycrystalline,  diffusion  along  grain  boundaries  may 
account  for  the  differences  between  model  calculations  and  the  experimental  measurements 
Secondary  electron  micrographs  of  the  PZT  surface  clearly  show  individual  grains  with  an 
average  diameter  of  -  100  nm.  Assuming  the  individual  grains  are  relatively  smooth  and  the 
oxygen  spacing  within  the  lattice  is  0.4  nm  (JCPDS  card  #33-784).  the  fraction  of  oxygen 
atoms  associated  with  the  grain  boundaries  is  -2%.  This  value  is  approximately  equal  to  the 
fraction  of  oxygen  atoms  that  are  not  accounted  for  by  the  Fickian  model.  Certainly  other 
mechanisms  are  possible,  any  mechanism  in  which  the  diffusion  con.stant  varies  wit:  depth 
could  account  for  the  measured  exchange  profiles.  A  diffusion  constant  that  depends  on  the 
local  microstructure  (grain  boundaries,  defects)  and,  therefore,  on  depth  may  actually  be 
expected  for  a  polycrystalline  thin  film  on  a  heterosubstrate. 
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Regarding  the  diffusion  parameters  measured  in  our  study,  the  high  Ea  and  Dq  values  seem 
to  be  consistent  with  those  expected  for  oxygen  diffusion  in  an  easily  dissociated  pcrovskiie 
lattice.  That  is,  thermal  dissociation  of  PbO  from  the  lattice  is  a  likely  vacancy  diffusion 
mechanism  for  the  PZT  thin  films.  The  54.4  kcal/mol  activation  energy  measured  is  higher 
than  values  which  have  been  attributed  to  a  cationic  displacement  mechanism  typically  seen  in 
perovskite  ferroelectrics  (-  20  kcal/mole)  (41,  and  is  more  likely  due  to  a  higher  energy  ihemial 
dissociation  mechanism.  The  activation  energy  for  the  thermal  dissociation  of  a  BaTiOj 
ceramic  has  been  determined  to  be  ~  100  kcal/mole  at  temperatures  of  >1000°C.  In  our  PZT 
thin  films,  the  dissociation  mechanism  seems  to  occur  at  much  lower  temperatures. 

The  differences  in  oxygen  exchange  between  films  shown  in  Figure  4  are  similar  to  the 
deviations  from  the  Fickian  behavior  discussed  above  and  may  be  due  to  differences  in 
microstructures.  If  differences  in  oxygen  exchange  can  be  correlated  with  electrical  properties, 
such  differences  could  provide  a  sensitive  technique  to  monitor  the  microstruciure  of  PZT  thin 
films. 

CONCLUSIONS 

To  summarize,  significant  oxygen  exchange  occurs  in  sol-gel  derived  PZTT  thin  films  heated 
in  ’*02  under  conditions  typically  used  for  crystallization.  A  Fickian  diffusion  mode!  with 
Do  =  10  0*  cm^/sec  and  Ediff  =  54  kcal/mol  can  account  for  the  measured  diffusion  profiles  for 
levels  of  exchange  25%.  For  levels  of  exchange  S5%,  deviations  from  Fickian  behavior  were 
observed.  We  believe  that  the  variations  are  related  to  differences  in  microstructure  and  grain 
boundary  diffusion. 
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ABSTRACT 

Through  systematic  variation  of  film  processing  temperature  and  time,  we  have  characterized 
the  pyrochlore  to  perovskite  crystallization  process  of  solution-derived  PZT  20/80  thin  films. 
The  =3000  A  thick  films  were  prepared  by  spin  deposition  using  <100>  single  crystal  MgO  as 
the  film  substrate.  By  controlled  rapid  thermal  processing,  films  at  different  stages  in  the 
perovskite  crystallization  process  were  prepared  with  the  tetragonal  PZT  20/80  phase  being 
<100>/<001>  oriented  relative  to  the  MgO  surface.  An  activation  energy  for  the  conversion 
process  of  326  kj/mole  was  determined  by  use  of  an  Arrhenius  expression  using  rate  constants 
found  by  aoplication  of  the  method  of  Avrami.  The  activation  energy  for  formation  of  the  PZT 
20/80  perovskite  phase  of  the  solution-derived  films  compared  favorably  with  that  calculated 
from  data  by  Kwok  and  Desu  [1]  for  sputter-deposited  3500  A  thick  PZT  55/45  films.  The 
similarity  in  activation  energies  indicates  that  the  energetics  of  the  conversion  process  is  not 
strongly  dependent  on  the  method  used  for  film  deposinon. 

INTRODUCTION 

The  ability  to  control  the  microstructural  properties  of  ferroelectric  (FE)  thin  films  is  of  critical 
imponance  to  many  applications.  In  noi..olatile  memory  applications,  for  example,  the  grain 
size  in  the  polycrystalline  FE  film  should  be  substantially  smaller  than  device  feature  sizes  to 
insure  uniform  electrical  performance  throughout  the  memory.  Although  recently  the 
characlvrization  of  FE  film  microstruclures  has  b^n  the  subject  of  much  study  [2],  relatively  little 
work  has  been  done  to  develop  an  understanding  of  the  nucleatton  and  growth  processes 
involved  in  the  formation  of  the  FE  per'^vskite  phase  1 1 .3,4). 

Most  re  films  are  prepared  by  first  depositing  a  precursor  film  containing  constituent  metal 
ions  in  the  desired  stoichiometry  using  a  standard  film  deposition  technique,  such  as  chemical 
vapor  deposition  or  solution  coating.  The  precursor  film,  which  can  be  amorphous  as  deposited, 
is  then  often  converted  to  the  crystalline  desired  FE  phase  by  a  thermal  processing  operation. 
For  the  lead  zirconate  titanate,  PZT,  system,  it  is  well  documented  that  the  FE  perovskite  phase 
crystallizes  out  of  a  nanocrystalline  pyrochlore  matrix  that  forms  during  the  initial  stages  (low 
temperatures)  of  the  themial  processing  step  [5-7).  The  resulting  microstructure  of  the  FE  PZT 
film  is  dramatically  influenced  by  the  zirconium  to  titanium  ratio  (5,8).  Films  with  a  high 
zirconium  content  tend  to  form  large  perovskite  grain  structures  (on  the  size  scale  of  several 
microns)  that  are  often  called  rosettes  due  to  their  resemblance  to  spherulitically  grow  n  panicles. 
Titanium  rich  films,  on  the  other  hand,  typically  have  much  smaller,  often  submicron  grain  sizes 
indicating  much  higher  nucleation  rates.  Other  factors,  including  precursor  film  structure  |6,9) 
and  the  substrate  material  (10),  can  also  influence  film  microstructure.  As  an  example  for  the 
film  preparation  process  used  in  this  study,  PZT  films  prepared  and  processed  identically  (i.e., 
<100>  MgO  substrates,  proces.secd  at  650'’C  for  10  min  in  flowing  oxygen)  but  with  zirconium 
to  titanium  ratios  of  40:60  and  20:80  had  average  grain  sizes  of  2  pm  |10]  and  0.7  pm, 
respectively,  as  determined  by  the  lineal  intercept  method  using  a  multiplicative  factor  of  1. 

In  this  paper,  we  describe  initial  results  of  our  work  on  characterizing  the  conversion  of 
solution-derived  PZT  thin  films  from  the  nanocrystalline  pyrochlore  phase  to  the  perovskite 
phase.  A  high  titanium  content  composition  (PZT  20/80)  was  chosen  in  order  to  study  the 
crystallization  process  when  nucleation  rates  are  higher  and  finer  grained  microstructures  are 
produced  than  for  near-morphotropic  phase  boundary  compositions.  Single  crystal  MgO 
substrates  were  used  so  that  the  processes  involved  in  the  formation  oriented  of  PZT  films  could 
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be  investigated.  Also,  the  tetragonal  form  of  the  PZT  20/80  phase  allowed  us  to  readily 
characterize  ferroelectric  domain  structure  as  a  function  of  film  processing  conditions  (lij. 
Finally,  our  results  on  high  titanium,  solution-derived  PZT  thin  films  could  be  compared  with 
work  by  Kwok  and  Desu  [1]  on  the  kinetics  of  the  conversion  of  sputter-deposited  PZT  thin 
films  near  the  morphotropic  phase  boundary  (PZT  55/45). 

EXPERIMENTAL 

PZT  20/80  films  were  fabricated  by  spin-coating  (3000  rpm  for  30  seconds)  using  a  solution 
prepared  by  the  inverted  mixing  order  process  developed  by  Schwartz  et  al.  ( I2|  which  is  a 
modification  of  a  hybrid  solution  deposition  process  developed  by  Sayer  and  coworkers  113]. 
Excess  lead  (5  mole  %)  was  added  to  be  consistent  with  previous  work  on  preparation  of 
oriented  PZT  films  [10,14].  To  obtain  oriented  growth,  <100>  single  crystal  MgO  with  an 
epitaxial  surface  finish  was  used  as  the  substrate.  The  substrates  were  heat  treated  at  400°C  in  air 
for  10  minutes  prior  to  film  deposition.  Films  were  decomposed  using  a  5  minute  heat  treamieni 
at  300°C  on  a  hot  plate.  Three  film  layers  were  deposited  to  produce  films  with  a  thickness  of 
=3000  A.  Film  crystallization  was  carried  out  using  a  rapid  thermal  processing,  RTP,  system 
(AET/Addax,  Model  RMV4,  Milpitas,  CA).  For  a  more  detailed  discussion  of  the  film 
preparation  process  see  Tuttle  et  al.  (10). 

RESULTS  AND  DISCUSSION 


We  have  used  rapid  thermal  processing  to  obtain  thin  films  at  different  stages  of  conversion  to 
the  PZT  20/80  perovskite  phase.  Figure  1  shows  thermal  cycles  used  for  processing  films  at 
5(X3°C  for  30  sec  and  10  min.  Within  the  constraints  of  the  RTP  system  software,  the  heating 
rate  was  programmed  to  be  as  close  to  I60“(7sec  as  possible  for  all  of  the  thermal  processing 
cycles  used  in  this  study. 

In  general,  the  film  surface 
reached  the  programmed 
soaJc  temperature  within  six 
seconds  of  the 
programmed  time  with  little 
or  no  over  shoot  as 
measured  by  the 
temperature  controlling 
thermocouple  located  on 
the  film  surface.  Sample 
cooling  varied  depending 
on  processing  temperature 
and  time  (see  Figure  1)  due 
to  the  thermal  mass  of  the 
quartz  furnace  chamber  of 
the  RTP  system.  All 
samples,  however,  cooled 
through  the  PZT  20/80 
Curie  temperature 
(=450°C)  at  a  relatively 
constant  rate  of  8°C/sec 
regardless  of  the 
processing  condition. 


Fig.  L  Rapid  thermal  processing  (RTP)  schedules  including 
deviations  from  programmed  temperatures:  A)  500°C  for  30  s. 
and  B)  500'’C  for  600  s. 


As  has  been  discussed  earlier,  the  perovskite  phase  forms  by  a  solid  state  conversion  of  a 
nanocrystalline  pyrochlore  phase  that  forms  rapidly  during  film  heating  at  temperatures  above 
400°C.  This  is  illustrated  in  Figure  2  where  x-ray  diflraction  results  for  films  processed  using 
the  heating  schedules  in  Figure  1  are  shown.  The  x-ray  results  show  that  the  film  processed  at 
500°C  for  30  sec  is  mainly  the  pyrochlore  phase  with  only  a  trace  amount  of  perovskite  present. 
After  10  min  at  SCXl^C  the  x-ray  diffraction  results  show  that  the  film  has  been  fully  convened  to 
a  highly  •:O0I>/<100>  oriented  perovskite.  TTie  high  degree  of  orientation  is  shown  by  the  low 
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Fig.  2.  X-ray  diffraction  patterns  of  =300-nm-thick  PZT  20/80  films  on 
<100>  single  crystal  MgO  processed  under  the  following  conditions:  A) 

500°C,  30  s  (intensity  is  x5),  B)  500“C.  600  s.  and  C)  5S0°C,  30s  (  PE  = 
perovskite,  PY  =  pyrochlore,  carbon  presence  due  to  prior  SEM  analysis). 

intensity  of  the  normally  major  <1 10>  diffraction  peak.  The  splitting  of  the  <00 1>  and  <1(X)> 
peaks  is  expected  due  to  the  tetragonal  structure  of  the  PZT  20/80  phase.  The  much  greater 
intensity  of  the  <100>  diffraction  peak  relative  to  that  of  the  <001  >  peak  is  due  to  the  filriVMgO 
stress  relationship  as  the  film  cools  through  the  Curie  point  ( 14]. 

The  extreme  temperature  sensitivity  to  the  pyrochlore  to  perovskite  transformation  is  shown 
by  comparison  of  the  x-ray  diffraction  results  for  a  film  processed  at  S-^CPC  for  30  sec  (Figure  2) 
to  those  already  discussed  that  were  processed  at  SOO^C.  After  30  seconds  at  550°C  the  film  is 
completely  converted  to  perovskite  where  as  it  took  approximately  10  minutes  at  500°C  to  get  the 
same  level  of  conversion,  as  determined  by  x-ray  diffraction.  Kinetic  information  on  the 
pyrochlore/perovskite  transformation  only  could  be  obtained  up  to  525'’C;  above  this  temperature 
the  transformation  was  too  fast  to  be  accurately  controlled  by  the  RTP  system.  The  fast  kinetics 
of  the  transformation  process  at  moderate  temperatures  is  related  to  the  high  titanium  content  of 
the  films  used  in  this  study.  For  comparison,  Kwok  and  Desu  1 1  ]  show  x-ray  results  for  the 
conversion  of  sputter-deposited  PZT  55/45  films  in  which  a  significant  amount  of  pyrochlore 
remains  even  after  15  min  at  550°C. 

Figure  3  is  a  backscattered  electron,  BSE,  photomicrograph  of  a  partially  transformed  PZT 
20/80  film.  The  high  contrast  between  the  perovskite  phase  (lighter)  and  the  pyrochlore  phase 
(darker)  results  from  the  density  difference  between  the  two  phases.  The  higher  density  of  the 
perovskite  phase  causes  a  higher  flux  of  backscattered  electrons  resulting  in  a  brighter  BSE 
image.  The  figure  shows  the  characteristic  circular  single  crystal  perovskite  grains  that  grow  out 
of  th^e  pyrochlore  matrix.  The  single  crystal  form  of  these  ^ains  is  shown  more  clearly  using 
plan  view  transmission  electron  microscopy  as  illustrated  in  Figure  4.  The  domain  structure 
within  the  perovskite  grains  are  easily  seen  as  is  the  uniform  fine  scale  structure  of  the  pyrochlore 
matrix  material.  It  should  be  noted  that  the  pyrochlore  matrix  consisted  of  a  single 
nanocrystalline  phase;  in  contrast  to  the  diphasic  pyrochlore  matrix  that  has  been  reported  for 
films  with  higher  zirconium  to  titanium  ratios  [5,7|. 
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Fig.  3.  Back  scattered  electron  (BSE)  photomicrograph  of 
oriented  P7T  2G/80  thin  film  processed  for  &  s  at  525°C  (lighter 
regions  ure  circular,  single  crystal  perovskite  grains  growing  out  of 
pyrochlore  matrix). 


0.5  ^m 

Fig.  4.  Bright-field  transmission  electron  photomicrograph  of  typical 
perovskite  single  crystal  grain  that  has  grown  out  of  pyrochlore  matrix 
during  PZT  20/80  crystallization  process. 
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The  transformation  process  was  characterized  at  a  constant  temperature,  T,  by  application  of 
the  Johnson-Mehl-Avrami  equation  (15,16J, 

X(t)  =  1  -  exp[-(Kt)Nj  (I) 

where  X(t)  is  the  volume  fraction  of  perovskite  formed  after  time.t,  K  is  the  rate  constant ,  and  N 
is  the  growth  exponent.  Image  analysis  of  BSE  photomicrographs  was  used  to  determine  X(t). 

It  was  assumed  that  the  area  fraction 
determined  by  image  analysis  was 
equal  to  a  film's  volume  fraction  of 
perovskite.  Because  of  limitations  in 
resolution  of  the  BSE  images  and  the 
error  introduced  in  assuming  that  the 
perovskite  phase  is  uniformly 
distributed  throughout  the  thickness 
of  the  film,  the  results  of  the  use  of 
the  Avrami  method  to  analyze  the 
conversion  process  are  somewhat 
qualitative.  Taking  the  log  of 
equation  1  twice  results  in  a  linear 
expression  where  the  slope  and  the  y- 
intercept  are  equal  to  N  and  Nln(K), 
respectively,  when  ln(ln[l/(l-X)])  is 
plotted  versus  ln(t).  Figure  5  shows 
such  a  plot  for  films  processed  at 
475,  500,  and  525°C.  The  data  show 
the  expected  linear  relationship  with 
an  average  growth  exponent  of  2.04. 

This  vaiue  is  similar  to  that  found  for  sputter-defMshed  PZT  55/45  thin  films  (Ngve  =  2.23)  [  1 ) 
and  also  for  the  crystallization  of  sol  gel-derived  titania  thin  films  (Nave  =  1  26)  (17). 

The  rate  constants  determined  by  the  Avrami  analysis  were  used  to  calculate  an  overall 
activation  energy,  Ea,  for  the  solid  state  phase  transformation  using  the  Arrhenius  expression, 

K  =  Aexp(-Ea/kT)  (2) 


ln(t)  (sec) 

Fig.  5.  Ploiofln{lnll/(l-X)))  vs.  ln(i). 


where  k  is  Boltzmann's  constant  and 
A  is  related  to  the  activation  entropy 
for  the  process  [18).  A  value  of  326 
kl/mole  was  found  for  the  activation 
energy  from  the  linear  relationship 
shown  in  Figure  6.  Again,  this  is  in 
reasonable  agreement  with  the  data  of 
Kwok  and  Desu  on  sputter-deposited 
PZT  55/45  [1],  where  an  Eg  of  248  ^ 

kJ/mole  was  calculated  using  “ 

equations  1  and  2.  For  comparison. 
Shaikh  and  Vest  found  an  activation 
energy  of  about  84  k.’  'mole  for  the 
formation  of  PbTiOi  j;c  wrier  from 
organometallic  precumrs  1 !  3). 

A  difference  in  overall  activation 
energies  for  the  PZT  20/80  and  PZT 
55/45  thin  films  can  be  expected  for 
several  reasons.  The  overall 
activation  energy  for  crystallization  is 
a  function  of  the  activation  energies 


lO^/T  K-'' 


Fig.  6.  The  inverse  temperature  dependence  of  the 
rate  constant  K. 
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of  nucleation  and  growth.  The  functional  form  of  this  relationship  is  dependent  on  the  mode  of 
the  transformation  (e.g.,  Ea  =  Enucleation  +  (N-l)E„owih  fot  constant  nucleation  rate  and  linear 
two-dimensional  growth)  [20],  As  discussed  earlier,  the  zirconium  to  titanium  ratio  strongly 
influences  the  perovskite  nucleation  and  growth  processes.  These  observations  indicate  that  the 
energetics  of  the  nucleation  and  growth  processes,  and  thus  the  overall  activation  energy  for 
ciyst^Iization,  should  be  dependent  on  composition.  The  effect  of  composition  on  the  activation 
energy  of  thin  film  crystallization  has  been  shown  previously  for  the  crystallization  of  amorphous 
Ge/Si  films  on  Si02  by  Edelman  and  coworkers  121].  They  found  that  Ea  varied  for  GexSii.x 
from  299  kJ/mole  to  193  kJ/mole  for  x  going  from  1  to  0  where  Ea  was  calculated  based  on  the 
induction  time  for  nue'eation.  It  is  expected  that  Ea  for  PZT  ihin  films  should  decrease  wiih 
increasing  titanium  content.  This  conclusion  is  based  on  previous  observations  that  nucleation 
rates  increase  with  increasing  titanium  and,  also,  by  the  fact  that  the  kinetics  of  the  conversion  for 
the  PZT  20/80  films  was  faster  than  that  of  the  PZT  55/45  films  for  a  fixed  temperature  (see 
discussion  of  x-ray  diffraction  results).  Unfortunately  that  is  the  opposite  of  what  is  reported 
here.  The  inconsitstency  is  no  doubt  related  to  the  inaccuracy  in  the  method  used  to  determine 
the  volume  fraction  of  perovskite  which  was  the  same  for  both  studies  discussed  here.  For 
example,  the  activation  energies  are  statistically  the  same  if  an  error  of  only  about  15%  is 
assumed.  The  fact  that  different  film  deposition  methods  (solution  versus  sputtering)  and 
substrates  (<1()0>  MgO  versus  Pt  coated  single  crystal  Si)  were  used  in  the  two  studies  also 
makes  direct  comparisons  difficult. 

SUMMARY 

The  overall  activation  energy  for  the  solid  state  transformation  of  nanocrystalline  pyrochlore  to 
perovskite  for  solution-derived  PZT  20/80  thin  films  was  deterimined.  The  value  is  in 
reasonable  agreement  with  previously  published  data  on  sputter-deposited  PZT  55/45  thin  films. 
This  result  indicates  that  the  energetics  of  the  transformation  process  are  not  greatly  different 
despite  the  differences  in  deposition  method,  substrate  material,  and  composition.  In  order  to  do 
a  quantitative  comparison  of  the  effect  of  these  variables  on  the  conversion  kinetics,  a  more 
accurate  technique  is  required  to  determine  the  fraction  of  film  converted  to  the  perovskite  phase. 
Our  results  on  the  microstructural  development  of  the  perovskite  phase  in  PZT  20/80  thin  films 
in  terms  of  nucleation  and  growth  will  be  presented  in  a  future  publication. 
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I’lIYSlCOCHKMll  Al.  AND  MICROSTKI'CHIKAI.  CHAKAf  I  KRIZA HON 
OF  RF  SPI  TTKRIN(;  MACJNKTRON  I'lxZr.TiX),  THIN  FII.MS 


1  VARNIERF,  E.  CATl'AN  ,  B  liAKIM,  11.  ACIIARD*  and  B  AC.IL  S 

liislitul  Lniversilaia'  dc  'rci.hiioloi;ic,  L'nivcrsiic  dc  Pans  Sud  (XI).  pl.in.-aii  du  MiHikin, 

BP127,  9140.^  ORSAY  C'EDliX,  I  R.ANCl-;.  *I.ITI  IX-paricniciu  dc  Microclccmmkiiie  S.S  X. 
.w(ui  GRiiNOBi.i:  ci:ni:x,  i  RANa- 

ABSTRAC T 

Lead  zirconatc  titanate  thin  tilms  were  dc|Kisitcd  on  PiAliN/BPSCj/Si  strLiciurcs  by 
sputlering  an  oxide  target  of  nominal  eomposition  (PbtZro  ys.'l'io  asKLi  or  P/.T)  in  argon 
plasma.  The  PZT  films  were  deposited  at  different  pressures  and  different  substrate 
temperatures  ranging  from  floating  temperature  to  4(X)'  C;  the  thieknes.ses  of  the  sputtered 
films  were  in  the  l.S'72()  nm  range.  The  absolute  and  relative  cation  and  oxygen  compositions 
of  the  thin  films  were  determined  by  a  new  method  based  on  the  simultaneous  use  of 
Rutherford  Backscatiei ing  Spectroscopy  (RBS)  and  Nuclear  Reaction  ,-\nalysis  (NRA) 
induced  by  a  deuieroii  beam.  The  total  deposition  rale  and  atomic  ones  are  observed  as  a 
function  of  the  substrate  temperature  and  pressure.  Therefore  die  dependence  of  I  dm 
composition  on  pressure  and  substrate  temperature  is  discussed. 

Post-deposition  annealing  studies  and  ferroelectric  propenies  are  presented.  The  values 
of  the  remanent  polarization,  Pr,  were  in  the  range  fi-1  n(7cm2,  the  coercilive  field.  Ec. 
between  l.i  and  2f’  kV/cm  and  the  dielectric  constant,  r,.  evaluated  from  capacitance 
measurements  around  1200,  depending  on  the  process  parameters. 

INTRODTCTION 

Recently,  lead  zirconate-tilanaie  (P/Ti  thin  films  have  ailracled  considerable  attention 
for  application  to  cell  capacitors  for  dynamic  random  access  memories  I  DR.-Wls),  due  to  their 
high  dielectric  coiistani,  and  for  use  in  non  volalile-R.-XMs,  due  to  dieir  reversible  large 
spontaneous  pidari/ation.  Thin  films  ot  PZT  based  lerroelecincs  have  been  prepared  by 
various  methods  such  as  sol-gel  process  1 1 1.  RE  magnetron  sputtering  |2|,  ion  beam  sputtering 
1-X|  etc.  Among  these,  sputtering  iechnu|ues  have  been  the  most  successful  and,  particularly, 
single-target  RE  magnetron  spultcriiig  of  oxide  powder  targets  )4-.s|.  This  method  exhibits 
some  advantages  which  include  its  simplicity  in  device  fabrication,  its  high  deposition  rates 
over  large  substrate  areas  and  its  ability  to  operate  at  floating  temperature.  However,  this 
method  has  also  some  disadvantages  such  as  generation  of  surface  damages  vvhich  can  be 
minimised  by  using  lovv  power  density  and  composition  differences  in  the  films  with  respect 
to  the  nominal  target  composition  ;  these  differences  are  mainly  due  to  the  instability  of  the 
plasma  during  the  s(nittering  prvK'Css. 

Ill  this  iiivesligatioii,  we  have  studied  a  spiiltering  method  in  order  lo  get  precise 
control  of  film  composition,  with  die  aim  to  reach  the  nominal  target  sloichiometrv, 
PbtZrp  s.v  I  iiu.stOt- 1  he  composition  vif  the  films  is  determinevl,  w  iih  an  accuracy  better  than 
±  2Cf,  by  using  a  recently  developed  analy  tical  techniipie  based  vin  the  simultaneous  use  of 
Rutherford  Backscaitering  Spectrometry  (RBS)  and  Nuclear  Reaction  Analysis  (NR.A)  |b-7| 
Some  PZ  r  tilms  are  ileposited  on  Pt/TiN/BPSG/Si  and  annealed  in  conditions  which  lead  to 
the  formation  of  the  perovskite  structure.  Preliminary  results  on  structural  (X-Ray  diffraction) 
and  electrical  measurements  on  these  films  are  presented. 

EXPERIMF:M  AL  PROCFDl  RK.S 

The  rZ.  r  thin  films  have  been  prepared  using  a  conventional  rf-magnetron  sputtering 
with  a  ceramic  target  under  various  conditions.  The  substrates  are  ( l(HI)p-silicon  wafers  with  a 
BPSG  thermally  oxidized  layer  80(1  nm  of  thickness.  A  I'iN  film  with  a  thickness  of  100  nm 
has  been  deposited  on  the  BPSG/Si-vvafer  as  an  iniennediaie  layer  between  the  BPSG  film  and 
the  lower  electrode  which  is  a  ( 1  1 1 )  oriented  Pt  thin  film  (200  nm  thick)  deposited  bv  de 
magnetron  sputtering.  .\o  pretreatment  was  performed  for  the  PtZl'iN/BPSG/Si  substrates  prior 
to  the  sputter  deposition  of  the  PZT  films.  The  sputtering  conditions  of  PZ  T  are  shown  in 
Table  1. 
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Tuhle  I  Sputtering  eonditioii'.  tor  PZT 
depositioii. 


Target  diameter 
Target- stibstrate  spacing 
Sputtering  gas 
Base  pressure 
Bowel  suppl>  I'requei'cy 
Input  power 
Gas  pressure 
Deposition  mode 
Deposition  rate 
Deposition  temperature 


l(K)mm 
70  mm 
lOO'i  Ar 
10 -  7  Ba 
l  .T.SO  MH/ 

711  -  mow 
0  p-p  Ba 
Static 

6  nm/min  at  7()W 
Tloatine-dOlBC 


The  deposition  rate  is  determined 
from  the  film  thickness  measured  by  a 
profilometer.  The  composition  is  measured 
on  sO-SOO  iim-thick  films  with  nuclear 
microanalysis  in  their  RBS  and  NRA  modes 
1  he  canonic  composition  is 
detenmned  hy  ■’lle^  RBS  at  2  4  MeV  (  Table 
II).  l  or  thin  films  (<2p0  nm),  the  Zr.  Ti,  and 
Bb  peaks  are  well  separated  from  each  other, 
and  the  cation  composition  can  be 
deiermined  from  the  ratios  of  peak  integrals 
of  each  metallic  element,  normali/ed  to  the 
electron  cloud  corrected  Rutherford  cross 
section  The  precision  is  better  than  ±  2''i  . 
For  thick  films,  the  relative  cation  eompo 


sition  is  deduced  from  the  ratio  of  plateau  heights,  and  the  precision  of  the  measurements  is 
estimated  to  be  in  the  range  t  2-.s'i . 

For  the  determination  of  the  o.wgen  stoichiometry,  we  used  l*’0(d,p) nuclear 
reaction  with  a  8.^(1  keV  deuteron  beam  and  simultaneously  we  registered  the  RBS  spectrum  of 
the  deiiterons  hackscattcred  In  the  elements  pieseiit  m  the  film  and  in  the  Si  substrate.  The 
ratio  of  the  NRA  proton  peak  integrals  from  oxygen  to  the  cationic  RBS  integral  is  a  measure 
of  the  oxygen  stoichiometry,  once  compared  to  a  similar  ratio  Irom  a  standard  target, 
tiieasured  in  the  same  conditions  (Table  ID.The  reference  target  is  a  thermally  oxidi/ed 
tantalum  thin  layer  (TasO^)  on  Si. 


Table  II.  Schematic  di.igram  of  the  composition  analysis  of  the  B/.T  films 


IF 


P/.T  or  reference  l  a  V  ^  Ti/Pb  el  Zr/Pb  >  =  ()/Pb  ±29c 


The  oxygen  stoichiometry  x  is  given  by  the  ee|ualion  : 


X = .8/2  ( I'l’a/IBb+Zr+Ti ).  ( '  <’lBb(  Zr.Ti  )0 1/  R'X'l  ayOy ) 


The  precision  on  the  oxygen  stoichiometry  depends  mainly  on  the  statistical  errors  on 
the  peak  integrals,  i.c.  ±  I-Vi ,  'The  results  are  beam  dose  independent. 

'The  crystal  structure  of  the  films  was  examined  by  an  X-ray  diffraction  (XRD)  method. 
For  electrical  measurements,  Bt  thin  films  were  deposited  as  an  upper  electrode  with  a 
diameter  of  0.6  min  at  room  temperature.  The  D-Fi  hysteresis  curve  was  observed  using  a 
Radiant  Technologies  Model  RT66A  ferroelectric  test  equipment. 
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KKSl  1  IS  AM)  1)IS(  I  SSION 


A.  Dt'pusilion  rate.  I  iyure  1 
shiiws  a  three  diiiieiiMtiiial  parainelne 
representation  of  the  sartation  of  the 
total  deposition  rale  with  pressure  and 
substrate  temperature.  The  deposition 
rate  increases  as  a  function  of  the 
pressure  and  decreases  with  the 
temperature,  hut  it  is  practicallv 
constant  for  a  gisen  pressure  between 
lOO'^C  and  /irconium  and 

titanium  do  not  take  part  in  this 
deposition  rale  decrease  with  the 
temperature,  and  stay  practicallv 
constant.  On  the  other  hand,  o.vygen 
and  overtill  the  lead  conteni  in  llie  film 
aflect  the  final  composition  (l  igure  2i. 
This  decrease  is  attributed  to  the 
surface  mobility  of  the  incident  film 
material  and  to  a  reduced  sticking 
coeflicient  of  these  components  wiili 
the  temperature.  .A  ty  pictil  deposition 
rate  is  6  nm/min. 


bigiire  I  :  'I'hree  dimensional  parametric 
variations  of  the  deposition  rate  of  P/.'l'  thin 
films  with  substrate  temperature  and 
sputtering  pressure. 

k  i 


'1 


Figure  2  :  I'hree  dimensional 
paramelric  variations  of  the 
ditlerent  atomic  de(iosiiion 
rates  of  PZ'F  films  with 
substrate  temperature  and 
sputtering  pressure. 
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>t.  Kilm  compiMitioii. 

1  he  de|iemieiKc  i>t  tilm  eimiposiilon  on  piCNSure  and  suhsiraie  leiiiperauire  is  shossn  in 
l  itliire  3.  ('11111  eoiiiposition  is  represenled  by  the  atoinie  ratios  ol  Zr/l’b.  'I'l/l'b,  ZiAl  i  and 
O/l’b  Also.  l’h(Zr(i  ss.  I'ioasiOt  tareet  composition  is  slumn  by  liori/oiual  dashed  lines 

Pressure.  The  /r/l’b  and  Ti/I'b  ratios  of  the  films  are  found  to  ehaiiee  ssiih  spiilieriiin 
gas  pressure-  When  the  film  is  spullered  at  a  limer  gas  jiressiire.  the  lead  eonieiu  in  the 
sputtered  film  is  less  than  that  of  the  target.  It  approaelies  ilie  target  eoinposiiion  as  the 
pressure  is  increased.  On  the  other  hand,  the  Zr/'I'i  ratios  of  the  tilms  are  almost  ei.|ual  to  that 
of  the  target,  irrespeetis  e  of  the  sputtering  gas  pressure 

I'hesc  ecimpusitional  changes  may  be  caused  by  the  following  mechanism.  At  a  lower 
gas  pressure,  preferential  re-sputtering  of  lead  atoms  is  caused  by  fast  negative  ions  and 
neutrals  traversing  the  sputtering  system  without  collision  and  bombarding  the  substrate.  The 
energy  of  these  fast  panicles  is  attenuated  by  gas  phase  collisions,  so  re- sputtering  decreases 
w  ith  incretising  pressure.  .At  pressures  v.ducs  as  high  as  .3  Pa,  the  mean  free  palh  of  spullered 
atoms  and  ions  is  on  the  order  of  a  few  millimeters  and  compositional  changes  are  suppressed. 


(■'igtire  .3  :  'I  hree  dimensional 
parametric  variation  of  the 
composition  of  sputtered 
P/'l'  thin  films  with  substrate 
temperature  and  sputtering 
pressure. 


Teniperature.  l  igtire  .3  clearly  indicates  that  the  Zr/'I’i  ratio  is  not  innuenced  by  the 
temperature  deposition  until  4()()'C.  Lead  content  decreases  rapidly  with  the  deposition 
temperature  especially  ai  iinv  pressures  and  induces  an  important  cationic  modilication.  In  the 
same  time  tlie  oxygen  content  decreases  but  not  as  fast  as  the  lead  content  (especially  at 
(I..S  Pal.  Hence,  we  ohserr  e  a  parlictdarly  large  value  for  the  oxygen  com(H)siiion  compared  to 
the  metallic  elements.  Presently,  we  don’t  have  a  satisraciory  explanation  for  the  stabilisation 
in  the  total  deposition  rate  for  2  and  3  Pa  between  ftKPf'  and  400 

As-grown  thin  films  deposited  from  a  stoichiotnetric  P'/ T  target  at  a  pressure  of  3  Pa 
for  varying  substrate  temperatures  below  20(PC  exhibit  good  composition,  further  studies 
were  made  on  such  films. 


riiickni’.ss.  I  it: lire  4  shows  lire 
dependence  of  film  composition  on  the  film 
thickness.  The  ciition  and  osypen 
stoichiometries  are  to  be  constant  and  similar 
to  that  of  the  tarcet  m  the  film  thtekness 
ranee  (Ls  -  72(1  nm).  This  behasionr  could 
he  seen  as  surpnsmp  in  terms  of  the  lead 
surface  constancy  hecaiise.  the  spnttermp 
lime  for  prowiny  thicker  films  being  long 
(60-120  nm),  we  could  e.\pect  localized 
surface  temperatures  of  the  target  to  change 
and  can  affect  the  target  surface 
composition.  .Such  phenomenon  may  then 
result  in  modifying  me  sputtering  yields  with 
time,  mainly  in  the  case  of  lead.  'I'hus,  taking 
into  account  all  the  lactors  influencing  the 
composition,  tilms  base  been  grown  under 
the  optimized  s|iuttering  coiidttions 
mentioned  in  table  I  lor  their  structural  .ind 
electrical  characterization. 
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l  igure  4  Van.ition  oi  composition  ot  I'/.  l 
tilms  with  the  tilm  thickness  irl  power 
70  \V,  argon  pressure  :  I’a)  D.islied  lines 
correspond  to  target  composition 


(’.  Siruclural  nature 

file  structur.il  nature  of  films  is  esaluated  by  the  \  ray  difiraction  mctluKi  ’file  \  ray 
diffraction  patterns  of  the  films  annealed  m  Ib/Ar  at  different  tempeiatures  t,s.l(l-.S(i().(i00. 
64(1  C)  for  120  milt  are  show  n  in  I  igure  .^a.  'file  crystalline  structures  of  the  obtained  t  ilms  .ire 
iiinueiiced  by  the  annealing  temperatures  .\s  the  annealing  temperature  is  incrc.iscd.  cryst.tl 
structure  ol  the  film  changes  from  .imorphous  itor  as  deposited  filiiisi.  through  pyrochlore 
(.h4()  C).  and  a  misture  oi  pyrochlore  .iiid  perovskile  toOO  C'l.  in  single  pha.  e  (lerovskyic 
(bdO'Ci.  /Xniiealing  esperimeiits  in  just  .irgon.  indicated  that  there  w.is  sutficieni  osy  gen  in  the 
as-deposited  film  to  fonii  the  perosskyte  structure. 


Diffraction  angle  h-2u  (degree)  Diffraction  angle  (degree) 

Figure  .S  :  X-ray  diffraction  patterns  of  a  4.S0  nm  I’/.'f  film  (a)  after  rlifferent  annealing 
temperatures  (bl  subjected  todilfereiu  thermal  proec.ssing  conditions. 


0«ygen  stoichiomeiry  (Aromic 


SiiL'tl  staiKi.ird  ;)rtH.vssin^  iL'inpcr.ilnic.  tn  llic  r;m^c  (t(K)  C  )i>r  1  2  lumts.  ^vhikI 
dl.■^l^ll\  ihc  pi.'rliirin,iiKC  i>l  ilu-  cxi^iiiiu  dovKvs  Mich  iic  MOSl  li'l  including  ihc  dnpinp  proldc 
and  iiiclalli/alKin  Ra|)id  lliormal  pioccsMii^  iK  I’I’i  lias  been  dcsctupcd  scr>  t.isl  in  reccnl 
years  to  reduce  the  thermal  buditet.  and  improve  the  thin  tllni  properties  in  V  I, SI  process 
i  iitiire  Sh  shoiss  a  lirst  comparison  betHcen  these  nm  dillerent  techniijiics;  ise  have  to 
improve  our  R'l  1'  results. 

1).  Kerroelectrie  properties 


Most  sit  the  perovskvte 
Pb(  /  r(i  ss .  1  ill  s  l<)  ;  thin  lilnis 
annealed  in  argon  atmosphere  at 
(i4()  C'  tor  120  min  show  teiroelectric 
hysteresis  characteristics  l  igiir','  o 
shows  a  D-li  hysteresis  loop  ol  the 
450  niiMlticls  film.  Typical  values  ol 
remanent  polari/aiioti  il'ri  of 
tetragonal  films  are  ranged  from  5  to 
10  pC'/citiM  t'oercHive  fields  ilici 
flints  are  20-.'0  kV/cm 


('{)N(  l.l  SION 

I'/r  thin  films  in  the  tl.n  kness  range  15-720  niii  with  improved  ferroelectric 
propenies  have  been  obtained  by  ri  iiiagiietron  sptittenng  oi  I’bi/r.TiiOt  target  1  he  kinetics 
of  the  sputtering  process  and  the  effect  of  sputieritig  parameters  on  film  composition  and 
deposition  rate  have  been  studied. 

Films  deposited  at  low  pressure  (0.5  Pai  evhibit  low  oxygen  coiicentralion  and  low 
oxygen  composition.  For  higher  deposition  pressures  ( ^  Pai  films  are  stoichiometric. 

The  mechanism  of  non  reactive  sputtering  P/'F  target  on  a  pure  argon  was  presented 
Complete  lliermali/.iiioii  ol  the  sputtered  species  is  necessary  to  obtain  a  good  control 
composition.  In  our  case,  this  demands  d-,-posiiion  at  high  spuiiering  pressure  i  '  Pal  with  ihe 
stibstrates  being  m.iintainerl  at  a  substrate  target  ihstance  of  7  cm  .\  virtual  source  is  then 
tormeil  between  the  calliiHle  and  the  substrates  .ind  some  ot  the  sputtered  malerial  c,m  return 
to  the  sptitlering  source 

Post-ilepositioii  annealing  in  .\r  .a  (ilHI  C  lor  2  hours  resulted  i:i  P/T  tilnis  with 
perovskite  structure. 

A(  KNOVVI.HIXJMKM 

rills  work  was  stipporied  by  .-Mcclel  and  by  CNKS  ((il7R  Sdi,  F.  l.augier  (1,1:11)  is  thanked 
for  his  technical  assistance  in  providing  the  .\  ray  analysis  fi  Chevrier  is  th, inked  for  useful 
.\  ray  discussions 
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IMAGING  OF  FERROELECTRIC  DOMAINS  IN  KTiOPO,  SINGLE 
CRYSTALS  BY  SYNCHROTRON  X-RAY  TOPOGRAPHY 
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ABSTRACT 

'I'Ue  application  of  synchrotron  whit^*  hi*a«n  X-ray  topi»y.raphy  to  the  >tody  oi  Imor  h  i 
trie  <lomain  structures  in  hydri»lhermally  j»rovv  .  )H)tassiiim  litany!  |)l)i>s|>luttr  (K  I 
KTP)  single  crystals  is  rept)rle<l.  The  (loinain  walls  can  he  ex.  liisivt'iv  imagt'd  uii  to 
pographs  with  sele<  te(i  diffraction  vectors  an<l  X-ray  wavelengths,  wluh-  images  of  lUher 
(h‘fects,  such  a,s  dishuations.  iin  iusions  and  surface  s<  ratches.  can  he  s*  iiultaneousiy  made 
very  liitfinse.  'I’he  topographic  images  <a)rrespond  well  willi  elect r  st ai ic  toning  imag<"' 
X-ray  topography  readily  reveals  the  thiee  <iim«Misional  shap<‘s  •)f  tlie  domain  walls.  I  here 
are  two  contrihutjons  to  domain  wall  contrast:  one  is  friiig«‘-like  wlii<  li  <  an  he  interpreted  in 
terms  of  the  dynamical  theory  of  X-ray  dilfraition,  ami  tin*  other  is  ditfiist'  strain  contrast 
arising  from  long  range  strain  a.ssociatt‘d  w;  h  the  wall.  I'lu'se  two  coni rihut ions  i  an  he 
ohs(‘rv<*<i  simuUatK'ously  or  separately  dt^pending  on  tin*  dilfra<‘tion  <onditi  uis.  The  long 
range  strain  is  thought  to  lie  associate<l  with  the  curvature  of  the  domain  walls.  It  appea*- 
that  llie  main  components  of  tlie  displa<ement  fieUi  a.ssociated  with  !  his  st  rain  are  dire«  teii 
approximately  perp<‘ndicu!ar  to  tlie  domain  waM. 


INTRODUCTION 

Ihilassium  titanyl  phosphate  (KTiOlX)^:  K  IT*)  is  a  well  km>wn  nonlinear  optical  iiia 
terial  witli  many  apfilieations  in  frecpiemy  conversion  and  el<n  tio-op.ii  s  [ij.  Spei  ili(  ally, 
its  broa<l  tempt*ratur«‘  handwidth,  wi<le  angular  acceptainc*  and  liigli  damage  threshold 
have  ma<le  KTP  the  host  crystal  for  the  fre<pi<‘n<'y  douhling  of  Nd-has<‘ii  lasers  opi'rating 
near  1/mi,  I’he  recent  demonstration  of  blue  light  giuierat  ion  using  <piasi-piias('  mat  chi  ig 
in  KTP  [2|  and  the  successful  growth  of  other  K1'l*-rela!<‘d  crystals  (e.g.  KTiAsO,!  -d] 
further  broaden  these  materials'  <'omnnTcial  appli<ation  to  include  t>j>iicai  dat.t  storage, 
pollution  control  and  remote  setisiiig. 

KTP  crystallizes  in  llie  nonc<'iilrosyinin«*tri(  orlhorhomhic  sp.i<e  gri)U[)  PnJia  with 
lattice  parameters,  a=l2.H  A  ,  6=I0.(i  A  and  <*=(».  I  A  ,  and  is  ferro<*lecl  ric  willi  polar  axis 
along  the  crystallographic  b  axis  [4].  Iligli  ejuality  single  <  rystais  can  he  readily  grown  l»y 
both  the  high  temperature  flux  m<*lhod  [o]  and  the  hydruth<*rmal  melhod  [(>,  7].  Siiuf  the 
crystals  are  ferroelectric,  multiple  domain  regions  a.e  often  found,  whicli  are*  «letrinn‘ntal 
to  device  performance.  Therefore  it  is  important  to  hav<*  a  tedmitpn*  <  apahle  of  revealitig 
the  domain  configurations.  To  date,  the  only  technicpies  reporte<l  h>r  revealing  (hmiains 
in  KTP  crystals  are  the  piezoelectric  [S],  ele<  tro-oplic  [8],  j>yro<*leclric  [8]  and  eh‘cl roslai ic 
toning  [9]  techni<jiies. 

Despite  two  earlier  X-ray  topograpliit  studie.^  |IU,  11],  mucii  remains  unknown  about 
the  structural  details  of  t*xtended  def<*cts  in  K  I  P  and  tli<*ir  efre<'i.-.  on  <  ryslal  jiropfrlics. 
In  particular  no  X-ray  topographic  observation  of  f«*rroel<*ctric  domains  in  K  I  P  has  hern 
reporte<l,  although  topographic  observations  <»f  ferrtwlectric  domains  have  been  reported 
for  other  materials  such  as  barium  titaiiate  [12]  an<l  lithium  ammonium  sulfate  [Id).  As 
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pari  of  a  s\ stfinatic  ftforl  to  l>t*Hrr  un<hTstainl  tli«-  roj<'  «’xli‘inli‘<l  ilt'lot  ts  iii  K  I  I*  U' 
in^  Sy lulirotruii  VVliito  Ht'aiii  X-ray  lopo^rapliy  (SWiiX  I  .  fi»r  a  rrvit  w  uf  tin*  fiMlinujiu 
st*«‘  [l  l]),  W('  liav<‘  einharktxl  ujxiii  a  drlalUv!  study  of  ffrr4K’l<*(tn<  tiirtrui  In 

this  paper,  we  report  the  first  X-ray  topo^rapliie  ol»s<*rvati«)ii  of  ferrta*le(  1  ric  tfianains  in 
hycfrolherinally  grown  KTP  crystals.  I'he  iniilti-doinaii!  KIP  crystal  in  la*  discussetl  ha.^ 
also  been  studied  hy  the  electrostatic  toning  teclinitpn*  thus  allowing  the  results  of  the 
topographic  study  to  he  indepemU*nl ly  checktsl  and  justified.  It  shouhl  he  noted  tliat. 
whereas  the  toning  lei  hnicpie  oidy  giv«-s  infoniiation  on  the  surface  intersecliiujs  of  the  di) 
main  walls.  X-ray  to|>i)graphy  unamhiguously  r<*veals  the  three  diim-nsimial  sljiipes  of  tin 
ferroeh'ctric  (Uiinains.  I  he  diffrar  tion  ct>nditions  re(|iiir<‘d  h^r  exclusuelv  nnagiiig  domain 
configurations  in  KTP  crystals  are  discussed. 


EXPERIMENTAL 

A  conuntTcial  hydrothermally-grown  K  hP  crystal  was  u.s<m1  m  this  slii<ly.  The  crystal 
was  grown  under  high  temperature  ((»()()“(’)  and  pressure  ( '^j'iokpsi )  c(*ndilions  fnun  .t 
potassium  phusi)hatt‘  miueraliz<‘r  ((>,  7|.  'I’he  crystal  grows  nearly  exclusively  ahuig  t  he  [01  1  j 
an<l  [Oil]  dir<*ctions  at  a  rate  of  ^^liiim/s  •U*-w<fk.  d’In*  /cpiate  us<‘d  in  this  experime*  ' 
was  cut  from  the  end-cap  of  the  as-grown  .'rystal.  'I’he  large  face  t>f  the  plate  measured 
around  10mm  hy  Omm,  and  the  plate  lhirkn<*ss  was  around  U.Tmm.  'I'his  crv.sial  i)lat<*  was 
st'lectrti  for  vStudy  due  to  its  l(»w  dislocation  density  and  well  «lejiin*d  ferriM-lect ri<'  domains, 
The  />-surfares  of  the  crystal  were  polislH‘<l  It)  optical  flatness  using  stainlard  ptdisliiug 
compound.s,  ami  no  special  chemical  tdching  was  us(*<l. 

Kxaminatiun  hy  optical  micros<opy  rev<*ale<l  ‘^•everal  scratclies  on  both  surfaces  tjf  the 
plate,  leftover  from  the  polishing  pnxa'ss.  'Flu*  crystal  was  then  examincMl  using  the  elec¬ 
trostatic  ttjiiing  technifpie  (O).  In  this  t<‘<hni(pie  ih<‘  <Tyslal  is  (jui<kly  cmT'd  by  phu'ing 
it  in  contact  with  a  dry  ice/acetom*  mixtiirt*  to  dev<*lop  a  pyroe)t><  l  ric  chargt*  li»‘ld  whit  i) 
mimics  tlje  domain  reversals  in  the  crystal.  A  liipnd  suspension  of  (‘leclrostalic  toner  is 
then  applied  to  decorate  tliis  charge  field  remlering  the  <lomains  visible.  A  possif»)e  disad¬ 
vantage  of  the  toning  techni<|ue  is  that  the  thermal  shock  <‘xperienced  by  the  crystal  may 
cause  damage  to  the  crystal.  Tin*  fa<*t  that  X-ray  topography  is  nondestructive  (prtAmhxl 
proper  precautions  arc  taken  -  see  next  paragraph)  may  make  it  a  preferalde  alt(‘rnat iv(* 
for  the  visualization  of  ferriH'lectric  <lomains  in  thes<‘  crystals. 

SWPXl’  ex|)eriments  were  carried  out  on  the  Stony  Hruok  lopogra|)hy  Statitm.  beam- 
line  X-19C.  at  tlie  National  .Synchrotron  Light  Stuirce  (NSLS),  Hrookhaven  .National  Labo¬ 
ratory.  It  lias  been  observed  that  th<’  r«*latively  highly  absorbed,  longer  waveh'iigth  «  ompo- 
nemts  in  the  white  X-ray  beam  can  lead  to  potential  prohh’ins  with  radiation  damage,  d  his 
damage  ran  cau.se  a  coloration  of  the  transparent  crystals  through  a  color-center  nu'c  ha- 
nism,  which  is  obviously  uiu{<\sirahle  for  an  optical  iTystal.  However,  this  problem  can  he 
comph’tely  avoided  if  one  selectively  removes  these  uion*  highly  absorbed  loiigiT  waveh*ngl  li 
components  from  the  incident  spectrum  hy  employing  a  filter  consisting  of  h'w  liundr(*tl 
micrometers  of  aluiiiiimm,  thus  shifting  the  peak  of  the  source  spectrum  from  around  O.-sA 
to  about  O.45A.  Under  these  conditions,  no  coloration  is  observed  while  exj)osure  times  on 
the  Kodak  SF{-5  X-ray  film  (resolution  better  than  5/mi)  w'ere  still  only  about  15  seconds 
in  the  transmission  geometry.  In  order  to  avoid  harmonic  contamination  due  to  the  broad 
spectral  range  of  the  incident  X-rays  [15],  the  diffraction  wavrT'ngths  wvrr  clK)sen  to  lx* 
hetwfvn  O.dA  and  0.5A. 

Note  that  the  lattice  parameters  defined  earlier  an*  consistent  with  the  convention 
adopted  in  previous  X-ray  topographic  studies  of  Kd  P  (10.  11].  d  liis  lonventioii  t  an  he 
related  to  the  more  commonly  ust*d  optical  convention  [1]  by  p<Tmuling  the  b  ami  c  axes. 
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RESULTS 

Tlu*  ovt'rall  defect  distribution  in  the  crystal  can  Im*  observed  on  llie  X  ray  ioj>t>K,raj»li 
shown  in  Fig.  1(a),  where  dislocations,  denoted  by  D,  inclusions,  indicated  by  1.  and  siunc 
scratches  on  the  surface,  marked  by  S,  can  be  easily  identified.  The  dislocations,  wliii  li  art* 
straiglit  growth  dislocations  do  not  lie  along  low  inde.x  directions  and  ar«*  neither  of  pure 
edge  nor  pure  screw  character,  and  as  expecte<l  do  not  disappear  on  any  strong  reflec  tu>ns. 


(a)  1mm  (b) 


(C)  (d) 

Figure  1.  Synchrotron  white  beam  X-ray  topographs  and  a  toning  image  of  a  hydrother- 
mally  grown  KTP  single  crystal,  (a)  g=(l07).  A=0.d5A,  (h)  g=(401),  A=0.r)nA,  (r)  the 
toning  pattern  and  (d)  g=(401),  A=0.:12A. 

This  is  in  agreement  with  previous  topographic  observations  in  flux  grown  K  Tl’  crystals  [10, 
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I  Ij,  although  the  growth  morphologies  compared  to  those  in  hydrothermally  grown  crystals 
are  considerably  different.  Other  than  the  growth  dislocations^  a  number  of  inclusions  are 
visible  as  well  as  some  surface  scratches  due  to  residual  polishing  damage. 


(a) 


Imm 


(b) 


Figure  2.  (a)  Synchrotron  X-ray  topograph  (g=(212),  A=0.25A)  showing  the  3D  shapes 
of  the  domains  in  the  same  crystal  as  in  Fig,  1,  (b)  a  schematic  drawing  of  the  3D  shapes 
of  two  typical  domain  walls  in  this  crystal. 

The  topograph  shown  in  Fig,  1(b),  a  relatively  weak  reflection,  shows  very  diffuse  con¬ 
trast  from  the  crystal  defects,  as  expected.  The  only  well  defined  contrast  features  are  the 
dark  lines  indicated  by  F,  associated  with  ferroelectric  domain  walls.  This  image  shows  an 
exact  correspondence  with  the  toning  image  shown  in  Fig.  1(c),  confirming  the  observa- 
tion.  By  comparing  the  topographs  in  Figures  1(a)  and  (b)  two  components  to  the  domain 
wall  image  can  be  identified.  A  broad,  diffuse  image,  corresponding  to  strain  contrast, 
overlapping  with  a  narrow,  sharp  image  corresponding  to  interference-fringe  contrast  from 
the  domain  wall  itself.  Extinction  of  the  strain  contrast  is  observed  when  the  reflecting 
plane  normal  is  perpendicular  to  the  domain  wall  normal. 

By  tilting  the  crystal  so  that  the  domain  walls  have  wider  projection  widths  on  the 
detector,  the  fringes  resulting  from  the  domain  walls  become  more  pronounced,  as  shown 
in  Fig.  1(d)  and  Fig.  2(a).  The  three  dimensional  shapes  of  the  domain  walls  are  also 
easily  deduced  from  such  images,  as  shown  schematically  in  Fig.  2(b).  While  there  are 
large  areas  of  domain  wall  parallel  to  the  (100)  plane,  the  wall  actually  curves  either  side 
of  this  plane.  Domains  sometimes  converge  to  a  line,  while  other  times  they  are  truncated 
leaving  a  region  of  (001)  domain  wall. 


DISCUSSION 

Under  low  absorption  conditions,  when  the  product  of  the  linear  absorption  coelficient 
and  crystal  thickness,  pt,  is  less  than  unity  (which  is  the  case  for  all  the  topographs 
discussed  in  the  previous  section),  reflections  which  are  appropriate  for  imaging  defects 
such  as  dislocations  are  usually  of  low  index  and  high  structure  factor.  This  is  because  the 
rocking  curve  widths  of  such  reflections  are  among  the  largest  available,  which  in  turn  give 
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sharp  and  well  defined  images  of  defects  such  as  dislocations,  which  under  low  /it  <  ondii  ions 
are  produced  primarily  l>y  the  “direct”  image  inechaiiism.  Such  direct  images  are  sliown  on 
the  topographs  in  both  Fig.  i(a)  and  Fig.  2(b).  However,  the  proper  <liffra<  lion  (iinditii>ns 
for  exclusively  imaging  the  ferroedectric  domain  structures  are  expected  to  be  somewlial 
different  because  the  direct  image  contrast  due  to  the  lattice  strains  in  the  vicinity  of  the 
domain  boundary  may  overwhelm  the  less  intense  fringe  contrast  due  to  dynamical  effects 
occurring  at  the  boundary  itself.  This  latter  typt*  of  contrast  is  expected  to  be  possible  on 
all  low  fit  reflections  (i.e.  all  reflections  discussed  in  tliis  paper).  Since,  the  strain  due  to 
the  existence  of  the  domain  walls  is  expected  to  be  much  less  than  that  due  t<)  other  (  rystal 
defects,  such  as  dislocations,  inclusions  and  surface  scratches,  the  direct  image  of  this  strain 
field  is  no'  xpected  to  be  discernible  on  strong,  low  strain  sensitivity  reflections.  However, 
as  strain  .isitivity  increases,  as  we  go  to  weaker  and  weak<*r  reflections,  this  strain  field  is 
expected  to  become  apparent,  with  its  image  becoming  broader  and  broader,  until  in  the 
limit  of  an  extremely  weak  refl<‘ctions  it  becomes  so  broad  and  diffuse  as  to  no  longer  be 
clearly  discernible.  In  SWBXT,  a  large  number  of  reflections  with  a  larg^  range  of  rocking 
curve  widths  is  routinely  obtained,  so  that  the  above  observations  are  readily  tested,  and 
examination  of  Fig.  I  and  Fig.  2  shows  that  these  observations  are  in  fact  confirmed. 

The  ferroele<tric  domain  walls  are  planar  defects  which  can  be  treated  as  inversion 
twin  boundaries.  The  phase  shift  betwwui  the  original  wavefields  and  wavefields  newly 
created  upon  crossing  such  boundaries  is  given  a.s  [Hi],  />ui=2?rg  u  +  ru*/,  where  g  is  tin* 
diffraction  vector,  u  is  the  fault  vector  associated  with  the  boundary,  and  o  is  the  flifferein  <• 
between  the  phase  angles  of  the  structure  factors  of  th<‘  two  regions  of  crystal  Jointed  at  the 
boundary.  Since  fringe  contrast  due  to  the  phase  shift  has  been  observed  on  tlie  topographs 
for  which  the  a  factors  are  calculated  to  be  zero  (as  <letermin«*d  by  the  space  group  [17]). 
e.g.  Fig.  1(b)  and  (d),  the  u  vectors  are  determin<*<l  to  be  non-zero  for  lh(‘  domains.  A 
detailed  analysis  and  discussion  of  the  possible  values  of  this  displacement  vector  is  to  he 
presented  elsewhere. 

The  situation  for  KTP  ferroelectric  domain  walls  is  complicated  by  the  fact  that  the 
walls  are  generally  curved.  Since  the  fault  vectors  associated  with  the  domain  walls  are 
expected  to  lie  along  major  crystallographic  directions,  long  range  strains  in  tin*  vicinity  of 
domain  wall  may  thus  be  attributed  to  the  lattice  relaxation  associated  with  the  necessity 
for  the  boundaries  to  “zig-zag”  back  and  forth  from  one  low  index  (low  energy)  plane  to 
another.  The  displacement  vectors  of  such  long  range  strains  w'ere  found  to  he  perpen¬ 
dicular  to  the  domain  walls,  as  can  In*  seen  on  the  topographs  in  Fig.  1.  Strains  due  to 
the  anti-parallel  spontaneous  polarizations  at  a  domain  wall  [12]  are  not  expected  to  be 
operative  since  all  tlie  domain  walls  observed  in  this  crystal  are  parallel  to  the  polar  axis. 


CONCLUSIONS 

Ferroelectric  domains  in  hydrothermally  grown  KTP  single  crystals  have  been  stud¬ 
ied  by  SWBXT.  Judicious  choice  of  diffraction  conditions  enables  the  domain  walls  to  he 
imaged  exclusively.  The  three  dimensional  shapes  of  the  domain  walls  can  he  unambigu¬ 
ously  deduced  from  the  X-ray  topographs.  The  displacement  vectors  of  the  long  range 
strains  associated  with  the  curved  domain  wall  structures  are  found  to  be  approximately 
perpendicular  to  the  domain  walls. 
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ABSTRACT 

Ultrasonic  transducers,  microactuators  and  resonators  using  sol  gel  PZT  films,  polymer 
membranes  and  silicon  machining  techniques  can  take  the  form  of  cantilevers,  membranes, 
and  array  sensors.  Static  deflections  in  simple  electrode  configurations  for  PZT  films 
supported  on  silicon  or  silicon  nitride  membranes  are  of  the  order  of  1  //m,  while  larger 
deflections  can  be  developed  under  ac  and  resonant  excitation.  High  frequency  acoustic 
actuators  using  capacitative  excitation  of  polymer  films  have  been  used  to  evaluate  the 
performance  of  piezoelectric  sensors. 

INTRODUCTION 

In  recent  years,  there  has  been  increasing  interest  in  silicon  micromachined  structures 
for  functional  applications  |1|.  Combining  micromachined  silicon  with  piezoelectric  and 
ferroelectric  thin  films  has  resulted  in  novel  microdevices  ranging  from  membrane  pressure 
sensors  [2],  cantilever  or  bimorph  accelerometers  [3|  and  microvalves  14|,  high  displacement 
actuators  (5|  to  piezoelectric  micromotors  (61.  Active  damping  of  resonating  structures  has 
significant  technical  applications  (7).  The  objectives  of  current  technology  arc  well 
exemplified  by  micromachined  sensors  developed  by  D.L.Polla  et  al  at  the  University  of 
Minnesota  (2).  In  these  vertically  integrated  sensors,  a  <  1  /tm  thick  PZT  sensing  film  is 
created  above  an  air  gap  over  a  preamplifier  MOSFET  integrated  into  silicon.  Significant 
findings  from  the  Minnesota  group  are  that  the  piezoelectric  properties  of  the  films  as 
measured  in  such  microdevices  arc  comparable  to  those  of  the  bulk  material  (8). 

High  quality  PZT  films  of  thickness  from  1  to  10  ftm  have  been  prepared  on  silicon 
on  6”  diameter  silicon  wafers  u.sing  .sol  gel  methods  19,10). 


a)  b) 

Figure  1  a)  cross-section  of  a  multilayer  PZT  film  7^m  in  thickness  on 

platinum/titanium/silicon  with  a  gold  top  contact,  b)  surface  and  edge 
morphology  of  a  10  /tm  thick  PZT  film  on  platinum/Ti/Si. 


Mat.  Res.  Soc.  Symp.  Proc.  Voi.  310.  1993  Materials  Research  Society 
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Figure  1  (a)  shows  a  cross-section  of  a  7  /tm  thick  sol  gel  film  prepared  by  multiple 
spin  coating  of  a  platinum  coated  silicon  wafer.  Each  coat  is  0. 1  fim  thick,  the  layers  are 
fired  to  400°C  between  each  coat,  and  a  final  rapid  thermal  anneal  is  carried  out  for  30s  at 
650°C  to  fully  crystallize  the  material  into  a  perovskite  form  which  can  be  made  piezoelectric 
by  poling.  Figure  1(b)  shows  the  edge  and  surface  morphology  of  a  multi-coated  film  10  fim 
thick.  Little  evidence  is  seen  for  layering  originating  from  the  processing  technique,  and 
crystallisation  occurs  throughout  the  bulk  of  the  material. 

In  order  to  make  large  area  films  of  this  thickness  a  major  requirement  is  to  minimise 
the  degree  of  internal  residual  stress.  The  effect  of  internal  stress  is  well  illustrated  in  the 
fabrication  of  20  PZT  layers  on  a  1  /tm  silicon  membrane  etched  into  a  silicon  wafer  |li|. 


_ 1cm 

Figure  2  20  layers  of  PZT  formed  on  a  1  ^m  thick  silicon  membrane  etched  into  a 

thicker  silicon  wafer  a)  with  a  satisfactory  level  of  internal  stress,  b)  when  the 
internal  stress  exceeds  the  fracture  strength  of  the  silicon  membrane. 

If  the  processing  is  appropriate  (Fig  2(a))  the  films  can  be  readily  achieved  with  no 
mechanical  disortion.  However,  if  stress  builds  up,  the  fracture  strength  of  the  supporting 
silicon  is  exceeded,  and  the  film  ruptures  with  severe  coiling  of  the  membrane.  This  occurs 
during  hot  plate  firing  rather  than  during  rapid  thermal  processing.  The  development  of  stress 
results  from  a  number  of  processes  including  the  diffusion  of  oxidation  products  from  the  film 
during  firing,  the  nature  of  the  sol  gel  process  itself,  and  stresses  due  to  thickness  variations 
within  the  film.  While  major  efforts  have  been  previously  made  to  prepare  thick  films  in 
single  layers  [11 J,  multilayer  coatings  prepared  by  automated  deposition  of  thinner  films  now 
seem  to  be  more  effective  because  of  the  increased  efficiency  of  the  release  of  oxidation  by¬ 
products.  Thick  films  are  also  easier  to  prepare  on  large  area  silicon  wafers.  This  is  likely 
due  to  the  increased  uniformity  of  film  thickness  in  such  large  area  samples. 

Given  that  PZT  films  of  1  to  20  ^m  thickness  and  of  areas  to  m^  appear  to  be 
feasible  by  sol  gel  or  MOD  methods,  it  has  been  of  interest  to  consider  the  need  for  films  to 
carry  out  macroscopic  functions  such  as  acoustic  sensing  and  large  area  actuation,  and  which 
can  be  used  to  fabricate  structures  whose  vibrational  amplitude  can  be  controlled  by  active 
damping.  This  paper  examines  the  possibilities  for  such  devices  using  piezxrelectric  thin  films, 
estimates  the  potential  for  their  implementation,  and  calculates  the  thickne.ss  of  the 
piezoelectric  film  which  is  required.  In  a  related  technology,  micromachined  capacitative 
devices  used  to  assess  the  operation  of  the  ferroelectric  structures  are  described. 
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DEVICE  STRUCTURES 
a)  Membrane  Structures 

Flexible  membranes  are  of  particular  interest  for  ink  jet  printing,  as  resonating 
structures  for  chemical  sensors,  and  potentially  as  acoustic  transducers  or  high  frequency 
microphones.  In  principle,  it  would  be  ideal  if  these  could  be  completely  self-supported,  but 
a  supporting  membrane  has  been  necessary  to  date.  Such  supporting  structures  include  1  /rm 
silicon  membranes  etched  into  silicon  wafers  (12)  or  silicon  nitride  membranes  which  have 
been  fabricated  in  silicon  by  conventional  photolithography  and  chemical  etching  [13].  The 
structure  of  such  devices  is  shown  in  Figure  3  (a),  while  Figure  3  (b)  shows  the  upper  and 
lower  views  of  a  150  ^m  wide  x  2  mm  long  slot  covered  with  1  /rm  silicon  nitride  supporting 
a  PZT  layer.  This  membrane  is  etched  into  a  170  /rm  thick  <  1 10  >  silicon  wafer.  Structures 
fabricated  on  large  area  (up  to  1  cm^)  silicon  membranes  are  shown  in  Figure  2. 


a) 


b) 


Figure  3;  a)  Membrane  structures  incorporating  PZT  thin  films.  The  active  region  of  the 
PZT  film  may  be  set  either  by  etching  the  PZT,  or  by  the  extent  of  the  upper 
electrode,  b)  Silicon  nitride  membrane  structures  chemically  etched  in  170  ftm 
thick  <  1 10>  silicon  wafers  (13).  A  silicon  wafer  coated  with  silicon  nitride 
is  etched  from  one  side.  The  insets  show  the  upper  and  lower  side  of  the  slots. 
The  slot  is  150  fim  x  50  fim.  Membranes  which  have  been  achieved  are  shown 
in  the  insets.  The  picture  on  the  right  hand  side  shows  an  upper  electrode 
viewed  through  the  membrane. 


Calculations  have  been  made  of  the  displacement  of  the  centre  of  a  circular  membrane 
as  the  result  of  a  voltage  applied  across  the  PZT  film.  The  action  is  set  by  the  stress  in  the 
plane  of  the  membrane  induced  by  a  field  applied  to  the  top  and  bottom  electrode.  This 
results  from  the  d,,  strain  coefficient  of  the  PZT  film.  In  the  calculation,  the  membrane  is 
assumed  to  be  clamped  at  its  edges  by  the  bulk  silicon.  Tlie  main  parameters  of  the  problem 
are  the  thickness  and  elastic  properties  of  the  film  compared  to  those  of  the  supporting 
membrane,  and  the  area  of  the  stressed  PZT  compared  to  the  area  of  the  membrane. 

The  predicted  performance  is  shown  in  Figures  4  and  5.  The  deflection  at  the  centre 
of  the  membrane  is  shown  for  silicon  nitride  and  silicon  membranes  respectively.  The  ratio 
of  Young’s  Modulus  for  the  respective  membrane  and  the  PZT  film  are  4.09  and  2.28. 
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PZT/Si  thickness  ratio 

(a):  Deflection  as  a  function  of  relative  film  thickness 


Radius  of  PZT  (%  of  radius  of  Si  film) 


(b):  Deflection  as  a  function  of  actuator  radius  relative  to  membrane  radius. 

Figure  4:  Vertical  deflection  at  the  centre  of  a  membrane/PZT  structure  in  which  the 

ratio  of  Young’s  Modulus  is  as  shown.  The  ordinate  is  the  deflection  relative 
to  the  maximum  value  achievable  under  given  driving  conditions. 

The  maximum  deflection  occurs  for  a  PZT  film  thickness  of  about  1.5  times  the 
supporting  membrane  thickness  when  the  radius  of  the  actuator  is  about  0.75  of  the  full  radius 
of  the  membrane.  This  implies  that  the  thickness  of  PZT  required  to  deflect  actuated  systems 
ba.sed  on  l/tm  thick  silicon  or  silicon  nitride  membranes  is  of  the  order  of  1.5  ^tm.  This  is 
easily  feasible  using  current  fabrication  technology. 

Figure  5  shows  the  deflection  predicted  for  a  1  /im  thick  silicon  membrane  5mm  in 
radius  with  a  PZT  film  transducer  of  the  optimum  thickness  and  radius 
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fabricated  on  its  face.  The  maximum  amplitude  of  static  deflection  will  be  limited  to  about 
0.2mm  with  the  limit  being  set  by  the  limiting  tensile  stress  in  the  silicon  membrane  of 
approximately  300  MPa. 
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Figure  5:  Static  deflection  versus  applied  voltage  for  a  1.3  ftm  thick  PZT  film  on  a 

silicon.  Young’s  Modulus  ratio  Y,/Y,  =  2.28,  Poisson’s  ratio  for  the 
membrane  =  0.279  and  for  the  PZT  =  0.295.  PZT  strain  coefficient  d,,  =  - 
93.5  X  10  C/N  and  piezoelectric  coupling  constant  kp  =  0.52. 


b)  Resonant  Structures  -  An  Ultrasonic  Phased  Array 

Resonant  structures  require  a  film  thickness  which  equals  A/2  or  A/4  of  the  wavelength 
of  sound  at  the  operating  frequency  depending  on  the  coupling  conditions  at  the  interface  to 
the  substrate.  For  impedance  matching  to  a  conventional  50  ohm  source,  the  area  of  the 
transducer  should  also  be  given  by  50  =  1/tuC,  where  <o  is  the  angular  frequency  of  operation 
and  C  is  the  capacitance  of  the  transducer  [  1 ).  Calculations  based  on  the  velocity  of  sound 
in  bulk  PZT  suggest  that  the  half  wave  resonant  frequencies  for  bulk  wave  transducers  5-20 
fim  thick  lie  in  the  range  of  450  -  100  MHz,  while  the  quarter  wave  resonance  frequency  is 
half  this  value.  Because  of  attenuation  is  the  surrounding  media  at  these  frequencies,  such 
transducers  have  received  little  attention.  However,  many  medical  imaging  applications  exist 
if  this  frequency  can  be  reduced  to  the  50-100  MHz  range.  Again  depending  on  the  coupling 
conditions,  the  thickness  of  PZT  required  lies  in  the  range  of  20-40  fim.  Based  on  the  films 
and  fabrication  procedures  di,scussed  above,  the  development  of  such  films  is  now 
approaching  feasibility.  The  design  of  a  50  MHz.  phased  array  for  skin  imaging  where  the 
objective  is  to  examine  structures  located  within  approximately  1  mm  of  the  skin  surface  is 
shown  in  Fig.  6. 

The  50  MHz  transducer  consists  of  multiple  elements  spaced  between  5-8  fim  apart 
with  the  design  of  an  individual  element  shown  in  Fig.7.  The  structure  has  to  take  intf^ 
account  acoustic  impedance  matching  both  to  the  substrate  and  to  the  aqueous  propagation 
medium.  This  is  achieved  using  a  32  fim  thick  lower  aluminum  layer  and  an  upper  11  fim 
thick  layer  of  the  orga.  _iiezoelectric  PVDF  for  acoustic  impedance  matching.  The  system 
is  designed  as  a  set  of  overlapping  layers  with  the  PZT  being  deposited  by  a  .sol  gel  proce.ss. 
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and  PVDF  sheets  of  appropriate  thickness  being  epoxied  onto  the  final  structure.  The 
individual  elements  can  then  be  diced  by  fine  line  laser  ablation  to  form  the  individual 
elements.ln  this  case,  a  PZT  layer  thickness  of  30  /im  will  be  required  to  produce  a  SO  MH/. 
transducer  with  a  30  ftm  resolution  in  the  forward  direction.  Layers  of  this  thickness  still  are 
in  advance  of  current  fabrication  technology,  but  do  now  appear  to  be  within  the  bounds  of 
possibility. 


Figure  6:  Design  of  a  50  MHz  ultrasonic  phased  array  for  acoustic  imaging.  The 

interelement  spacing  is  5  ftm. 


Figure  7:  Individual  element  design.  The  PZT  is  fabricated  on  a  lower  acoustic  matching 

layer  of  aluminum,  with  an  upper  11  ftm  layer  of  PVDF  matching  to  the 
propagation  medium.  In  practice  a  thin  coating  of  polyimide  would  be  required 
over  the  upper  electrode  structure  in  order  to  provide  electric  insulation. 


The  performance  predicted  for  this  structure  using  a  model  created  by  R.Krimholz, 
D.I^edom  and  G.Mattaei  [14]  is  shown  in  Fig.  8.  Figure  8(a)  shows  that  the  resonant 
frequency  response  of  the  structure  will  peak  at  50  MHz,  while  Figure  8(b)  shows  that  the 
angular  resolution,  defined  by  the  point  at  which  the  intensity  is  1/2  of  its  maximum  value, 
on  the  axis  of  the  transducer  at  a  distance  of  4  mm  is  2°  and  the  depth  of  field  is  150  pm. 
This  would  provide  adequate  resolution  for  many  skin  imaging  purposes. 


43 


Figure  8:  Predicted  response  of  an  ultrasound  imaging  sensor  based  on  a  30  /xm  PZT 

film  with  aluminum  and  PVDF  matching  layers,  a)  frequency  response,  b) 
spatial  sensitivity. 


c)  Piezoelectric  Cantilever  Beams  . 

A  cross-section  of  a  bimorph  cantilever  structure  is  shown  in  Fig. 9.  A  simple 
calculation  of  the  expected  displacement  of  the  free  end  of  the  cantilever  assuming  d„ 
excitation  is  given  in  equation  (1)  (15|.  The  d,,  strain  coefficient  of  thin  film  PZT  can  be 
determined  directly  from  equation  (1)  by  measuring  the  vibration  of  the  end  of  the  beam. 

D  =  Z(r,kKL/h)*  d’‘V  (1) 

where  Z  is  a  response  function  depending  on  r,  the  ratio  of  the  substrate  thickness  to  the  film 
thickness  and  k,  the  ratio  of  the  Young’s  moduli  of  the  substrate  and  the  film.  In  this 
equation  L  is  the  length  of  the  cantilever  and  h  is  the  thickness  of  the  film. 

An  interesting  application  of  this  structure  would  be  in  actively  damped  systems,  where  an 
electrode  pattern  can  define  a  sensor  and  actuator  on  the  structure.  When  the  structure  is 
exposed  to  unwanted  vibrations,  the  sensor  will  produce  a  signal  which  can  be  inverted  and 
sent  to  the  actuator  to  oppose  the  vibrations. 
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Figure  9:  a)  Bimorph  structure  fabricated  into  silicon,  b)  Actively  damped  structure 

showing  part  of  the  film  used  as  a  sensr.r,  part  as  an  actuator. 

The  scale  of  the  structure  shown  in  Figure  9  b)  can  extend,  in  principle,  from  the 
micron  scale  to  large  macroscopic  dimensions.  For  example,  critical  damping  can  be  achieved 
in  an  aluminum  beam  1mm  thick  aluminum  beam,  20  m  long  and  10  cm  wide,  using  a  4  /tm 
thick  PZT  film  [16],  Thus  the  piezoelectric  film  thickness  does  not  appear  to  be  an  is.sue. 
Film  thicknesses  of  the  order  of  1-5  /tm  are  adequate  for  most  actuator  purposes. 

3.  Capacitance  Sensors 

The  direct  measurememt  of  deflections  in  the  above  structures  is  often  difficult, 
requiring  interferometric  or  capacitative  techniques.  A  convenient  technique  for  investigation 
has  resulted  from  the  development  of  high  sensitivity,  large  frequency  bandwidth  capacitative 
sensors  using  micromachining  methods  (17|.  The  principle  is  shown  in  Fig.  10. 
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Figure  10;  Capacitance  sensors  using  polymer  films  and  a  micromachined  backplate  a) 
basic  structure,  b)  form  of  backplate  using  a  spin  coated  polyimide  film. 
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An  insulating  Him  separates  a  f  ront  electrode  from  a  silicon  backplale.  The  impact  of 
ultrasound  on  the  film  causes  capacitance  variation  which  can  be  detected  electrically.  An 
increase  in  sensitivity  is  caused  by  the  use  of  a  micromachined  backplate  which  serves  to 
create  cavity  resonators  behind  the  film.  The  form  of  the  cavity  is  shown  in  Figure  1 1 .  Initial 
work  used  thin  kaptun  sheets  as  the  insulating  film,  but  more  recent  studies  have  employed 
spin  coated  polyimide.  These  produce  sensors  with  a  Hat  frequency  response  out  to  2  MH/ 
for  airborne  ultrastinics. 

a)  Application  to  Picaielectric  Structures 

Piezoelectric  elements  including  a  bimorph  cantilever  and  a  membrane  actuator  were 
driven  at  various  frequencies  in  air.  The  generated  acoustic  wave  was  detected  by  a 
capacitance  sensor  located  approximately  1  cm  from  the  piezoelectric  element.  The  response 
of  a  silicon/thin  film  PZT  cantilever  structure  to  a  10  kHz  sinusiodal  voltage  is  shown  in  Fig. 
12.  The  cantilever  is  1  cm  long,  0.5  mm  wide  and  the  PZT  film  is  2  microns  'hick.  The 
system  sensitively  generates  and  detects  air  borne  acoustic  waves. 


Acoustic  Sonsing  of  Vibration  Ampiltuftos 
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Figure  12.  Vibrational  respon.se  cf  silicon/PZT  film  cantilever  structure  to  a  10  kHz 
sinusiodal  voltage  measured  using  a  capacitive  sensor. 

5.  Conclusions 

Multi-iayer  .sol  gel  PZT  coatings  now  provide  a  reproducible  fabrication  technology 
for  thick  PZT  layers  at  least  up  to  10  pm  in  thickness.  Key  criteria  are  to  maintain  uniform 
film  thickness  during  processing,  and  to  minimise  film  stresses  by  an  appropriate  choice  of 
.sol  gel  process.  Many  of  these  requirements  are  compatible  with  the  spin  coaling  of  large  area 
silicon  wafers  for  ferroelectric  memory. 
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Tunable  Dielectric  and  Piezoelectric  Characteristics  of  Lead  Magnesium 
Niobate  Titanate  Relaxor  Thin  Films 
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ABSTRACT 

Ferroelectric  relaxor  thin  films  Pb[(Mg|,jNbjy3X)vTi,)  iJO,  (90PMN10PT)  have  been 
fabricated  by  the  sol-gel  technique.  The  dielectric,  piezoelectric  and  electrostrictive 
characteristics  have  been  investigated.  Experimental  results  show  that  the  dielectric  permittivity 
and  effective  piezoelectric  coefficients  of  the  films  can  be  tuned  by  varying  dc  bias  fields  which 
offers  the  useful  features  in  designing  smart  micro  transducer  and  actuator  systems  Dielectric 
constants  of  the  films  are  in  the  range  of  5000  to  6000.  The  electric  field  induced  strain  is  on  the 
order  of  10-^,  and  the  maximum  effective  d33  coefficient  of  90PMN  lOPT  films  is  as  large  as  265 
pC/N  at  31  kV/cm.  The  electrostrictive  coefficient  Qu  is  on  the  order  of  12  xlO-^  m'*/C-  and 
M,,  is3  SxlO-'^m^A^ 

INTRODUCTION 

In  the  past  few  years,  development  activity  in  microactuators  has  focused  primarily  on  three 
technologies:  electrostatic,  thermal  and  piezoelectric  effects  In  addition  to  being  the  candidate 
materials  for  high  density  and  nonvolatile  computer  memory  cells,  ferroelectric  thin  films  have 
recently  been  shown  to  be  promising  materials  for  microsensor  and  microactuator  applications 
Combined  with  silicon  technology,  ferroelectric  micro  sensors  and  actuators  have  a  great 
potential  in  many  application  areas[I,2].  However,  until  recently  there  has  been  little  attention 
given  to  the  piezoelectric  characteristics  of  ferroelectric  thin  films.  Compositions  of  lead 
magnesium  niobate  titanate  (PMNPT)  at  the  PMN  side  of  the  phase  diagram  are  ferroelectric 
relaxor  oxide  ceramics,  which  have  a  high  dielectric  permittivity  over  a  broad  temperature  range 
and  high  electrostriction.  Among  the  many  compositions,  90PMN10PT  has  the  highest 
dielectric  permittivity  and  the  largest  electrostriction  at  room  temperature  which  make  it  a 
desirable  composition  for  practical  applications  [3-S]  The  major  advantages  of  PMNPT 
relaxors  for  sensor  and  actuator  applications  are  their  nonlinear  electrical  and  electromechanical 
properties  which  includes  high  dielectric  permittivity  and  piezoelectric  coefficient,  these 
properties  are  strongly  dependent  on  electric  fields.  The  lack  of  any  significant  hysteresis 
behavior  makes  the  properties  reproducible;  no  poling  is  required  which  simplifies  the  material 
processing.  Based  on  these  advantages,  PMNPT  ferroelectric  relaxors  have  been  widely  used  in 
multilayer  capacitors,  transducers,  sensor/actuators  and  smart  material  systems[6,7].  Recently,  a 
few  attempts  have  been  made  to  fabricate  PMN  and  PMNPT  thin  films  because  of  their 
potential  applications  in  microelectronics.  However,  the  electrical  properties  of  these  films  were 
significantly  inferior  to  their  ceramic  counterparts[8-IO].  The  major  challenge  is  to  form  the 
desired  perovskite  structure  without  pyrochlore  phase  which  will  be  detrimental  to  the  electric 
properties.  It  was  found  that  the  rapid  thermal  annealing  technique  can  enhance  the  perovskite 
phase  formation  and  improve  the  electric  properties  of  PMNPT  films  near  the  morphotropic 
phase  boundary  (with  PMN/PT  composition  of  65/35)  [11]. 

This  study  focuses  on  the  fabrication  and  characterization  of  ferroelectric  relaxor  thin  films 
(90PMN10PT)  and  for  first  time,  reports  the  piezoelectric  and  electrostrictive  characteristics  of 
PMNPT  thin  films. 
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EXPERIMENTAL 

90PMN 1  OPT  thin  films  were  prepared  by  the  sol-gel  process  The  solution  started  with  lead 
acetate  trihydrate,  Pb(CH3COO)2'3H20,  magnesium  ethoxide,  niobium  ethoxide,  and  titanium 
isopropoxide.  Lead  acetate  trihydrate  was  dissolved  in  2-methoxyethanol  solvent  and  distilled  at 
124  “C,  the  boiling  point  of  2-methoxyethanol  solvent,  to  remove  the  water  of  hydration 
Magnesium  ethoxide  and  niobium  ethoxide  were  mixed  and  dissolved  in  2-methoxyethanol 
solvent;  these  two  precursor  solutions  were  mixed  in  a  dry  box  with  titanium  isopropoxide  and 
refluxed  at  -VO  “C  for  10  hours  After  cooling,  a  few  percent  of  formate  was  added  into  the 
solution  to  prevent  cracking  of  the  films.  The  films  were  deposited  on  platinum  coated  silicon 
wafers  by  multi-step  spin-coating  of  partially  hydrolyzed  alkoxide-based  solutions  The  films 
were  annealed  in  a  rapid  thermal  annealing  facility  (Heat  Pulse  2I0T)  Annealing  temperatures 
between  750-850  °C  were  desirable  X-ray  diflTraction  analysis  utilizing  CuKa  radiation  showed 
that  the  films  consisted  of  a  single  perovskite  phase  at  room  temperature.  For  annealing 
temperatures  lower  or  higher  than  this  temperature  range,  pyrochlore  phases  readily  formed 
Although  these  films  were  prepared  at  higher  temperatures  than  that  of  PZT  films,  but  because 
of  the  short  annealing  period  (10-30  seconds),  the  total  thermal  budget  of  the  process  still 
remained  low. 

Dielectric  properties  were  measured  by  a  HP  4I92A  impedance  analyzer  Hysteresis  loops 
were  used  to  evaluated  the  ferroelectric  properties  of  the  films  by  using  a  modified  Sawyer- 
Tower  circuit  The  field  induced  piezoelectric  and  electrostrictive  coefficients  were 
characterized  by  measuring  the  electric  field  induced  strain  in  the  films  A  laser  interferometer 
was  used  to  measure  the  displacement  of  the  film  caused  by  the  field  induced  strain  as  a  ftinclion 
of  driving  electric  field  The  details  of  experimental  setup  have  been  described  elsewhere[  12]  ' 
practice,  only  effective  or  clamped  piezoelectric  behavior  can  be  evaluated  because  thin  films  a  . 
deposited  on  the  substrates.  However,  unlike  ceramic  actuators  and  transducers,  piezoelectric 
or  electrostrictive  thin  films  usually  work  under  stressed  or  clamped  boundary  conditions 
Therefore,  the  effective  piezoelectric  or  electrostrictive  behaviors  are  of  more  technical 
significance 

RESULTS  AND  DISCUSSION 

Figure  1  shows  the  polarization  hysteresis  loop  for  580  nm  thick  90PMNI0PT  films,  a 
remanent  polarization  of  6  pC/cm^  and  coercieve  field  of  15  kV/cm  have  been  measured 
respectively  under  a  maximum  field  of  270  kV/cm 

The  dielectric  permittivity  of  90PMNI0PT  thin  films  were  measured  under  a  weak  electric 
field.  Figure  2  shows  that  the  highest  dielectric  permittivity  was  approximately  5800  at  a  field  of 
1 78  V/cm.  The  high  field  dielectric  properties  were  characterized  as  a  function  of  dc  electric 
bias  field  The  dielectric  permittivity  exhibits  a  strong  dc  bias  field  dependence  Figure  2  also 
shows  that  when  the  dc  bias  electric  field  is  ramped  from  0  to  10  V  in  a  580  nm  thick  film,  the 
dielectric  constant  dropped  from  5800  to  800  The  effect  of  field  dependent  dielectric 
permittivity  will  also  be  manifested  in  the  field  induced  piezoelectric  and  electrostrictive 
properties  of  the  thin  films. 

The  field  induced  piezoelectric  and  electrostrictive  coefficients  were  characterized  by 
measuring  the  electrically  induced  strain  in  the  films  Usually  ferroelectric  relaxors  with 
composition  90PMN10PT  have  a  very  weak  piezoelectric  effect  at  room  temperature  because 
the  depolarization  temperature  is  at  about  15  °C  and  permittivity  maximum  temperature  lies 
near  45  °C  which  implies  that  the  material  has  a  pseudo-cubic  structure  at  room  temperature. 
However,  its  diffuse  phase  transition  nature  and  large  induced  polarization  make  bulk  PMNPT 
relaxor  materials  exhibit  a  large  and  electric  field  tunable  electromechanical  strain[7]  The  strain 
level  is  comparable  to  normal  ferroelectric  materials,  such  as  PZT,  without  the  troublesome 
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Fig.  1  Polarization  P  versus  applied  field  E  for  90PMN  lOPT  Thin  films 


Fig.2  Dielectric  Permittivity  of  90PMN  lOPT  films  varies  with  d.c  bias  fields 
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hysteresis  behavior  which  is  a  severe  drawback  of  most  normal  piezoelectric  materials  for 
actuator  applications.  These  advantages  are  vital  also  in  the  thin  film  form  Figure  3  illustrates 
the  effective  piezoelectric  coefficient  of  PMNPT(90/I0)  thin  films  under  different  dc  electric 
bias  conditions.  The  field  induced  piezoelectric  response  can  vary  over  a  wide  range  under 
external  dc  electric  field.  The  piezoelectric  effect  is  small  for  biases  less  than  0  1  V(  1  7  kV/cm), 
as  low  as  27  pC/N  in  Figure  3,  but  as  the  dc  bias  is  increased,  the  effective  piezoelectric 
coefficient  increases  linearly  and  reaches  its  maximum  (265  pC/N)  at  18  V,  which  corresponds 
to  a  field  level  of  3 1  kV/cm  This  maximum  effective  d33  piezoelectric  coefficient  is  even  larger 
than  that  of  PZT  thin  films  (223  pC/N)[14J.  After  the  maximum  value,  the  effective 
piezoelectric  d33  coefficient  decreases  slightly  with  increasing  dc  bias  field,  which  may  reflect 
the  fact  that  field  induced  polarization  approaches  its  saturation  value  and  dielectric  permittivity 
tends  to  decrease  remarkably 

The  above  experimental  analysis  has  been  cast  in  terms  of  linear  electromechanical  effects, 
the  piezoelectric  coefficients  have  been  assumed  constant  under  constant  bias  fields,  therefore, 
the  field  induced  strain  is  a  linear  function  of  the  driving  field,  all  other  higher  order  effects,  such 
as  electrostriction,  are  assumed  too  small  to  be  taken  into  consideration  However,  when  there 
is  no  dc  bias  field  (the  induced  piezoelectric  effect  becomes  very  weak)  and/or  a  sufficiently  high 
field  is  applied  to  the  90PMN10PT  thin  film,  the  higher  order  effects,  such  as  electrostriction, 
become  a  significant  part  of  the  induced  strain.  The  nonlinear  electromechanical  effects  are 
therefore  no  longer  negligible 
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Fig.  3  Effective  piezoelectric  d33  coefficients  of  90PMN1  OPT  films  are  a  function  ofd.c 
bias  fields 
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Fig.  4  Effective  piezoelectric  M,,  coefficients  of90PMN10PT  films  are  a  function  of  d  c 
bias  fields 
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Fig.  5  Effective  piezoelectric  Q, ,  coefficients  of  90PMN10PT  films  are  a  function  of  d  c 
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There  are  three  nonvanishing  polarization  (or  electric  field)  related  electrostriction 
coefficients  in  a  cubic  perovskite  material  (m3m),  Qn,  Q|2  and  Q44  (or  M||,  M|2  and  M44) 
The  longitudinal  and  transverse  coefficients  can  be  expressed  as 


1  I 


ij  =  1,  2 


where  Xj  is  the  polarization  P,  (or  electric  field  E,)  induced  strain  From  these  relations  the 
electrostrictive  coefficients  can  be  obtained 

Effective  electrostrictive  coefficients  were  evaluated  by  the  measurement  of  field  induced 
strain.  Effective  electrostrictive  Mu  coefficient  has  been  calculated  from  the  curve  of  strain  and 
plotted  in  Figure  4  The  low  field  value  of  MufJ.SxlO''*  m^/V^)  compared  favorably  to  that  of 
bulk  ceramics(M||  =  5.5x10-''’  mW^  at  30  [3,7.13]).  At  low  electric  fields  Mu  is  nearly 

constant,  however,  at  high  electric  fields  the  M,|  coefficient  is  no  longer  constant  and  shows  a 
strong  field  dependence  The  electrostrictive  coefficient  Qn  is  almost  independent  of  electric 
field;  the  induced  strain  is  proportional  to  the  square  of  polarization  (P^),  Qn  was  I  2x10-* 
m‘'/C^  (Figure  5)  which  is  comparable  with  the  bulk  ceramic  value  The  n.aximum  strain  level 
generated  by  the  electrostrictive  effect  is  on  the  order  of  10-5  in  the  films  These  results  are 
consistent  with  those  obtained  on  PMNPT  bulk  ceramic  materials 

CONCLUSIONS 

In  summary,  PMNPT  relaxor  thin  films  have  excellent  piezoelectric  properties.  The  field 
induced  strain  is  as  high  as  10-^.  The  dielectric  permittivity  and  effective  piezoelectric  coefficient 
can  be  significantly  tuned  by  application  of  a  dc  bias  field.  The  small  strain  hysteresis  and  large 
effective  piezoelectric  coefficients  (djj=265  pC/N)  and  effective  electrostrictive  coefficients 
[Qii  =  l,5xl0-^  mW^  and  M||=3.5xlb-'‘’  m^/V^)  suggest  that  this  material  is  well  suited  for 
micro  transducer  and  actuator  applications. 
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ABSTRACT 

Lead  based  thin  ferroelectric  films  have  been  prepared  using  both  sol-gel  and  dual  ion 
beam  sputtering  (DIBS)  processes.  Material  compositions  within  the  PbTi03  and  PLZT  system 
have  been  deposited  by  both  techniques  onto  metallised  silicon.  By  using  a  standard  sol-gel 
prepared  solution,  modified  with  acetylacetone  and  spin-coating,  1pm  thick  fully  perovskite 
layers,  were  obtained  at  low  temperature  (450°C)  with  some  preferred  orientation.  TTie  grain  size 
was  in  the  range  0.2-0.4pm.  A  dielectric  constant  of  400  and  a  reversible  pyroelecuic  coefficient 
of  1.2  X  10'‘*Cm'2K'*  were  obtained.  In  contrast,  a  range  of  capping  layers  (SiOi,  AI2O3, 
BPSG)  on  silicon  have  been  investigated  using  the  DIBS  process.  Highly  crystalline  (100)  and 
(111)  films  were  readily  produced  at  temperatures  in  excess  of  550“C.  at  a  growth  rate  of 
O.^pm/hour.  Control  of  stoichiometry  has  also  been  studied  in  detail,  by  sputtering  of  a 
composite  metal-ceramic  target  with  a  high  energy  Kr  beam  and  by  bombarding  the  growing  film 
with  a  low  energy  oxygen  ion-beam.  Dielectric  constants  of  200- S(X),  losses  below  0.015  and 
resistivities  above  lO'Oflm  have  been  achieved.  A  pyroelecuic  coefficient  of  the  order  of  2.5  x 
10'‘*Cm'2K  ',  pre-poled  for  a  La-doped  film  on  BPSG  capped  Si  was  obtained,  which  did  not 
increase  significantly  on  poling. 


INTRODUCTION 

The  sensing  of  long  wavelength  infra-red  radiation  is  of  growing  interest  for  a  wide 
range  of  applications,  from  the  '  tection  of  flames  for  fire  alarms  to  the  detection  through  emitted 
heat  for  intruders  and  thermal  ...laging  applications. 

The  two  wavebands  of  particular  interest  are  from  3  to  5pm  and  8  to  I4pm  and  both 
correspond  to  regions  of  low  atmospheric  absorption,  and  the  latter  is  considered  to  be  of 
particular  interest  as  it  corresponds  to  the  peak  in  black  body  radiation  spectrum  for  bodies  at 
around  300K.  Compared  to  normal  photo-effect  sen.sors,  ie,  tho.se  ba.sed  on  GaAs  or  HgxCdp 
xTe,  ferroelectric  sensors  can  be  operated  at  ambient  temperatures,  requiring  low  power  and 
cheap  detector  technologies*.  Pyroelectricity^,  the  release  of  charge  due  to  a  materials  change  in 
temperature  occurs  in  polar  materials.  As  a  group  within  the  polar  materials,  ferroelectric 
crystals  exhibit  the  largest  effects  and  hence  have  been  the  .subject  of  intensive  research^. 
Because  the  pyroelectric  signal  voltage  which  is  proportional  to  the  temperature  variation  of  the 
element,  increases  with  a  decrease  in  the  element  thicknc.ss  and  hence  heal  capacity,  it  therefore 
follows  that  a  thin  film  up  to  10pm  thick  would  be  desirable  as  a  pyroelectric  sensor  element.  A 
wide  array  of  thin  film  deposition  techniques  have  been  investigated  such  as  MOCVD'*,  sol-gel-‘', 
RF®  and  ion-beam  sputtering  In  particular,  full  monolithic  integration  of  such  films  with 
silicon  or  GaAs  would  yield  significant  advantages  in  terms  of  increa.sed  speeds,  reduced 
voltages  and  improved  response.  In  this  paper,  we  report  the  use  of  the  sol-gel  and  the  emerging 
PVD  technique  of  dual  ion  beam  sputtering  (DIBS)  for  the  synthesis  of  undoped  PbTiOj  (PT) 
and  La-doped  ((Pbi-xLa2x/3)Ti03)  (PLT)  where  x  =0-0.2.  The  PbTi03  family  of  materials  are 
attractive  as  detector  materials*  because  they  show  large  pyroelectric  coefficients  P.  small 
dielectric  constant  Er  and  small  temperature  coefficient  of  P.  Poling  of  pure  PbTi03,  however, 
requires  the  application  of  high  electric  fields.  The  addition  of  La**  has  been  shown  to  lower  the 
Tc  and  the  tetragonality,  leading  to  a  drop  in  the  coercive  field  whilst  maintaining  good  levels  of 
polarisation. 


EXPERIMENTAL  PROCEDURE 

The  precursors  used  to  prepare  the  .sol-gel  deposition  solution  consisted  of  lead  acetate 
trihydrate,  titanium  n-butoxide  and  lanthanum  acetate  in  2-methoxyelhanol  as  a  solvent. 
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The  preparation  procedure  was  based  on  the  technique  originally  proposed  by  Budd  el 
al*®,  however,  the  final  stock  solution,  nominally  0.6M  was  further  modified  with  acetylacetone 
(acac).  The  addition  of  acac  decreased  the  tendency  for  premature  hydrolysis  and  also  improved 
the  film  quality  and  surface  wetting  characteristics.  A  typical  process  schematic  is  shown  in 
Figure  1.  The  concentration  of  the  deposition  solutions  was  adjusted  to  up  to  0.3M  by  suitable 
additions  of  2-methoxyethanol,  and  were  used  without  any  prehydrolysis.  The  films  were 
typically  spin-coated  at  2000rptn/30  secs  and  a  bake  every  3  layers  at  17()°C,  followed  by  a  bake 
at  450°C  every  6  layers.  The  thickness  per  layer  obtained  after  firing  was  about  0.03pm. 
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Figure  I.  Schematic  of  sol-pmparation  . 


The  PVD  deposition  system  consisted  of  a  Nordiko  3450  DIBS  system.  Figure  2.  The 
system  has  been  described  fully  previously'^,  except  that  the  argon  sputtering  beam  has  been 
replaced  by  a  heavier  krypton  beam.  The  DIBS  process  has  a  number  of  advantages,  including 
low  pressure  deposition,  low  film  contamination,  good  film  adhesion,  high  film  density  and 
refractive  index.  For  PLT  deposition,  an  adjustable  composite  target  has  been  developed  and  is 
depicted  in  Figure  3.  Pieces  of  ceramic  lead  oxide  and  PLT  are  fixed  to  a  titanium  backing  plate. 
By  suitable  variation  of  the  configuration,  films  of  the  desired  stoichiometry  were  obtained.  The 
substrate  temperature  was  in  the  range  500-600°C,  and  the  growth  rate  of  O.33pm/hour  was 
typically  obtained  and  this  was  largely  independent  of  target  configuration  and  substrate 
temperature. 


Two  Colour 


Figure  2  DIBS  Sputtering  System.  Figure  3.  Adjustable  Composite 

Target 

In  both  cases,  films  wi  n:  deposited  on  platinum  (lOOOA)  coated  silicon  provided  with  a 
thermal  oxide  barrier  layer  or  BPSG.  The  films  were  characterised  by  a  number  of  techniques, 
including  X-ray  diffraction  (XRD)  using  Cua  radiation,  electron  probe  microanalysis  (EPMA) 
and  scanning  electron  microscopy  (SEM)  and  (STEM).  Electrical  properties  were  determined 
using  a  Wayne  Kerr  6425  LCR  meter.  Hysteresis  loop  measurements  were  performed  on  a 
Radiant  Technologies  RT66A  thin  film  tester.  The  pyroelectric  coefficients  were  calculated  from 
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the  ac  current  produced  by  modulating  the  substrate  temperature  at  frequencies  from  5  to  51) 
mHz.  Poling  was  limited  to  a  temperature  maximum  of  I50“C  and  to  fields  up  to  lO^Vm  *. 

RESULTS  AND  DISCUSSION 

An  X-ray  diffractogram  trace  for  a  PT  film  grown  at  dSO^C  from  solution  is  shown  in 
Figure  4,  indicating  the  expected  tetragonal  phase.  The  calculated  c/a  ratio  was  determined  to  be 
1.056  which  is  close  to  the  value  of  bulk  PT  (1.06).  The  intensity  of  the  (001)  and  (101)  lines 
decrease  with  increase  in  the  thermal  treatment  up  to  7()0°C.  Similarly,  a  PUT  film  with  x  =  0. 1, 
deposited  at  45()°C  gave  a  very  highly  preferred  (111)  orientated  film  as  shown  in  Figure  5. 
Apart  from  the  (111)  the  only  other  line  present  is  the  (IIK)).  This  is  not  unexpected  as  the  La 
would  favour  reduced  tetragonality  and  thus  the  intrin.sic  favouring  of  a  particular  orientation  for 
a  given  stress  state.  Also,  the  film  was  expected  to  lattice  match  the  highly  preferred  (111) 
platinum  bottom  electrode. 


Figure  4.  X-ray  diffractogram  for  a  sol-derived  PT  film 


Degree's  20 

Figure  5.  X-ray  diffractogram  for  a  sol-derivcd  PUT  film 

La-doping  also  favours  the  (111)  orientation  in  films  grown  using  the  DIBS  system.  A 
typical  trace  is  shown  in  figure  6  for  a  film  grown  at  a  temperature  of  5()0-60()°C.  The 
deposition  of  DIBS  PT  films  occurs  above  the  Curie  temperature  of  490°C.  and  the  degree  of 
stress  at  T^  can  greatly  influence  and  fix  the  observed  orientation  after  cooling.  The  majority  of 
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the  PT  films  produced  show  a  tendency  towards  (100)  orientation,  however  capping  the  silicon 
with  an  amorphous  alumina  layer  does  force  the  orientation  towards  (001)  as  compared  with 
plain  silicon.  For  La  doped  films,  higher  temperature  (~6()0“C)  favours  (1(X))  whereas  lower 
temperature  (~550°C)  favours  (111).  It  should  be  noted  that  there  is  no  gradual  changeover  from 
(100)  to  (1 1 1);  mixed  (100)/(1 11)  films  do  not  occur.  It  seems  that  at  higher  temperature,  a 
critical  stress  is  exceeded  that  enables  the  film  to  overcome  the  restraint  of  being  matched  to  the 
(111)  Pt. 
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Figure  6.  X-ray  diffractogram  tor  a  DIBS  derived  PLT  film 

The  structure  of  the  sol-gel  films  is  illu.stratcd  in  Figures  7  and  8  for  PT  and  PLT,  respectively. 
Individual  strata  corresponding  to  the  intermediate  baking  at  450°C  can  clearly  be  seen.  The 
grain  size  was  determined  to  be  <0.  l|im  across.  The  surface  was  also  composed  of  smooth 
areas  interspaced  with  small  'blisters',  which  were  probably  caused  by  stress  relief.  In  contrast, 
the  PLT  film  (7(b))  showed  a  smooth  surface  with  a  columnar  through  film  structure  confirming 
the  high  preferred  (111)  orientation  seen  by  XRD.  The  grain  structure  was  again  .small 
(<0.2|im). 


Ipm 


Figure  7.  SEM  cross-section  of  a  PT  film  on  Pt/Si02/Si,  showing  "strata 
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Although  the  strata  corresponding  to  individual  bakes  was  not  observed  by  SEM.  these 
were  clearly  seen  when  the  sample  was  examined  by  high  resolution  TEM.  It  is  thought  that 
these  'strata'  could  be  responsible  for  the  weak  pyro-activity  seen  m  PLT  lilms  even  after  ptding 
at  high  fields. 
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Figure  8.  SEM  cross-section  of  a  PLT  film  on  Pi/Si02/Si,  indicating  the  columnar  shucture 

Similar  SEM  and  TEM  examination  of  DIES  lilms  indicated  smooth  surfaces  for  both  PT 
and  PLT  films,  with  La  giving  films  with  bettei  optical  properties.  Cross-sectional  SEM 
examination  of  a  PLT  film  again  showed  a  columnar  grain  morphology  and  no  visible  porosity. 
Also,  the  grain  diameter  (2Wnm)  seems  fairly  constant  through  the  film  thickness  through 
matching  the  Pt  grain  diameter  which  is  of  the  order  of  10()-I50nm  and  then  undergoing  limited 
grain  growth. 

PYROELECTRIC  MEASUREMENTS 

Samples  for  characterisation  were  prepared  by  first  evaporating  Cr/Au  or  Pt  dots  ( l-2mm 
diameter)  onto  the  surface  of  the  film  through  a  shadow  mask.  The  bottom  electrode  in  the  case 
of  .sol-gel  films  was  exposed  by  etching  away  the  film  at  a  comer.  Contact  to  the  bottom  and 
top  electrodes  was  made  by  silver  epoxy  wire  bonds.  The  dielectric  constant  and  loss  (IkHz) 
measured  on  the  scl-gel  PT  films  ranged  from  J0I)-201)  and  0.8-2%,  respectively  for  film 
thicknesses  of  0.3- Ipm.  The  PLT  films,  however,  gave  er  values  of  ^400  with  losses  of  -5%. 
In  both  cases  the  resistivity  was  up  to  lO'Ofim..  The  measured  maximum  pyroelectric 
coefficient  obtained  for  PT  was  1.45  x  10'‘*C/m2/K  after  poling  at  up  to  18V/pm,  which  is  in 
good  agreement  with  that  obtained  to  Kani  et  aP.  The  PLT  film,  however,  gave  a  low  value  of  6 
X  lO'^C/m^/K,  this  may  he  a  consequence  of  the  'strata'  in  the  films  causing  localised 
breakdown.  None  of  the  sol-gel  films  showed  any  prepole  pyroelectric  activity.  The  DIBS 
films  gave  similar  dielectric  constants  but  reversed  losses  for  PT  and  PLT;  values  of  200- 3(K) 
and  <1.5%  for  the  PLT.  The  resistivity  value  was  >10*®12m.  The  PLT  films  did,  however, 
show  pre-pole  pyroelectric  activity  with  values  up  to  2.5  x  10‘*C/m2/K  which  remained 
unchanged  ,;n  poling.  These  films  had  greater  breakdown  fields  and  poling  at  15  x  lObVm"' 
gave  85%  reversal  of  the  pyro-respon.se.  This  corrc.sponds  to  a  figure  of  merit  Fd  (IkHz) 
(P/CvVEo£rtan5)  of  2.2  x  I0'-'’Pa''^2.  Films  from  both  deposition  .sy.stcms  yielded  slim  and  non¬ 
saturating  hysteresis  loops  (with  an  apparent  Pr  of  0.1-0.2pC/cm2  and  Ec  of  lOkV/cm).  This  is 
not  surprising  as  previous  studies"  have  shown  that  very  high  fields  up  to  500kV/cm  at  IkHz 
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were  required  to  switch  PT  tllms. 

CONCLUSIONS 

The  present  work  has  demonstrated  that  gtxxl  quality  highly  crystalline  lead  titanate  and 
La-doped  lead  titanate  films  can  be  readily  deposited  at  low  temperatures  (450-6(X)°C)  using  the 
sol-gel  and  hy  the  DIBS  processes.  Both  processes  give  highly  (111)  oriented  films  on 
metallised  silicon,  and  showed  good  pyroelectric  behaviour.  Witl.  further  development,  this 
method  is  likely  to  become  a  preferred  route  for  the  preparation  of  integrated  large  area  2-D 
arrays  for  IR  detectors. 
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ABSTRACT 

'I  he  successful  development  of  PZT  thin  films  for  decoupling  capacitor  devices  places 
stringent  requirements  on  the  dielectric  and  leakage  properties  of  the  films.  We  have 
characterized  these  properties  for  PZT  thin  films  with  compositions  near  the  morphotropic  phase 
boundary  prepared  by  a  sol-gel  process.  Capacitors  were  fabricated  from  films  w  lih  thicknesses 
varying  from  0.4  to  1.2  pm.  For  zero  appited  bias,  the  dielectric  constants  of  these  films  txere  in 
the  range  of  800  to  1200,  The  room  temperature  dielectric  constant  was  observed  to  decrease  by 
~  25%  with  the  application  of  a  5  V  bias.  We  have  also  characterized  the  interrelationships 
between  temperature,  applied  bias,  and  dielectric  constant.  The  capacitors  exhibited  asymmetry 
in  their  leakage  and  breakdown  characteristics  with  bias  sign,  as  well  as  non-linear  I  V  behavior. 
Breakdown  fields  tor  undoped  PZT  .‘i.V47  films  were  typically  in  the  range  of  7.S0  kV/cm. 

We  have  also  studied  the  effects  of  La  and  Nb  donor  doping  on  the  leakage  behavior  of 
PZT  5()/.‘i()  thin  films.  Doping  with  2  to  5  mol  %  of  either  La  or  Nb  resulted  in  a  reduction  in 
film  leakage  current  by  a  factor  of  10-.  Leakage  currents  of  the  highly  doped  materials  were 
approximately  2  .x  10  A/cm’  under  an  applied  field  of  -  65  kV/cm  at  a  tempentiure  of  1 25  T’. 


INTRODUCTION 

Lead  zirconate  titanate  (PbZrxTi i  ..xOr,  PZT)  thin  films  are  of  immense  technological 
interest  for  a  diversity  of  electronic  applications  because  of  the  unique  dielectric,  ferroelectric, 
piezoelectric,  pyroelectric,  and  electrooptic  responses  that  they  display  when  subjected  to  an 
applied  electric  field.  Applications  under  consideration  include:  decoupling  capacitors. 
DRAMs.l  1 1  nonvolatile  memories, |2|  piezoelectric  micromotors,|3|  infrared  deiectors.|4|  and 
electrtxtptic  storage  media.|5)  While  a  variety  of  physical  and  chemical  deposition  approaches 
have  been  used  to  fabricate  PZT  thin  films,  one  method  that  has  been  used  extensively  is  sol-gel 
processing,  16|  because  of  the  low  capital  investment  costs  and  the  ease  of  integration  w  ith 
standard  semiconductor  processing  technologies.  Solution  deposition  approaches  tilso  allow  for 
enhanced  compositional  control,  especially  for  multicomponent  material  systems  such  as  PZT, 
PLZT  (La-doped  PZT)  and  PNZT  (Nb-doped  PZT). 

While  many  of  the  applications  mentioned  above,  e.specially  nonvolatile  memories  and 
DRAMs.  have  received  considerable  attention,  the  use  of  ceramic  thin  films  for  decoupling 
capacitor  applications  appears  to  have  been  relatively  neglected.  Since  decoupling  capacitors 
reside  close  to  the  integrated  circuit  (IC),  they  serve  to  decouple  the  1C  from  the  power  supply, 
and  thus,  provide  a  local  source,  or  sink,  of  charge.  Also,  by  having  the  capacitor  close  to  the 
IC,  input  inductance  can  be  significantly  reduced,  resulting  in  potentially  higher  operational 
frequencies.|7|  Because  the  primary  material  requirements  for  decoupling  capacitor  applications 
are  high  permittivity,  low  dielectric  loss  and  high  resistivity,  PZT  thin  films  would  appear  to  be 
well  suited  to  this  application.  Furthermore,  since  this  is  a  nonswitching  application,  fatigue 
issues,  which  have  presented  a  significant  problem  in  the  development  of  PZT  thin  films  for 
nonvolatile  memory  applications,  are  not  an  imponan'  factor. 

In  this  paper,  we  report  on  our  investigations  of  the  potential  use  of  donor  doped  PZ  T 
thin  films  for  decoupling  capacitor  devices.  Currently,  ceramic  chip  capacitors  are  most  often 
used  in  this  application. |7|  However,  since  ceramic  ih.,  films  allow  for  a  still  greater  level  of 
package  integration,  further  increases  in  operational  frequencies  and  packaging  densities  may  be 
possible.  We  selected  PZT  thin  films  for  this  investigation  becau.se  of  our  previous  experience 
with  thin  films  of  these  compositions,  and  because  of  various  reports  which  indicate  that  PZT 
materials  retain  high  dielectric  cr,  cstants  and  low  dielectric  losses  up  to  frequencies  of  at  least 
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1  GHz.(8-10|  We  also  discuss  the  effects  of  donor  doping  on  thin-film  leakage  characteristics, 
bias  effects  on  dielectric  response,  and  general  characteristics  of  thin-film  breakdown.  While  the 
results  reported  are  for  discrete  thin-film  capacitors,  our  eventual  goal  is  the  direct  integration  of 
the  PZT  thin-film  capacitors  onto  the  integrated  circuit  or  package. 


EXPERIMENTAL 

The  ceramic  thin  films  of  the  present  study  were  prepared  using  a  sol-gel  process  that  we 
have  reported  on  previously.!  1 1,12|  Briefly,  0.4  M  PZT,  PLZT  and  PNZT  solutions  were 
prepared  from  carbr  xylate  and  alkoxide  precursors.  PZT  solutions  were  prepared  by  first 
adding  titanium  isopiopoxide  to  zirconium  butoxide.  Acetic  acid  was  then  added  followed  by 
addition  of  methanol  and  lead  (IV)  acetate.  At  this  point,  the  solution  was  heated  to  dissolve  the 
lead  precursor.  Subsequent  additions  of  methanol,  acetic  acid  and  water  completed  the  solution 
preparation  process.  Lanthanum  was  incorporated  into  the  solutions  as  lanthanum  acetate  and 
niobium  was  incorporated  as  niobium  ethoxiJe.  The  lanthanum  acetate  was  added  to  the  solution 
batch  at  the  same  time  as  the  lead  precursor,  while  the  niobium  ethoxide  was  added  to  the 
solution  with  the  other  B-site  alkoxide  compounds.  Thin  films  were  prepared  by  spin-casting 
onto  Pt/Ti/SiOj/Si  substrates  at  3000  rpm  for  .30  seconds.  Following  deposition,  the  films  were 
heat  treated  for  5  minutes  at  300°C  for  organic  pyrolysis.  Crystallization,  after  every  fourth 
layer,  was  accomplished  by  heat  treatment  at  650°C  for  .30  minutes.  A  15°C/min  ramp  rate  was 
used.  Top  platinum  electrodes  (1.0  -  2.0  mm  diameter)  were  deposited  by  sputtering  using  a 
shadow  mask. 

Dielectric  constant  and  loss  were  characterized  using  an  HP  4194  impedance  analyzer 
with  an  oscillation  level  of  0.02  volts.  Low  oscillation  levels  were  used  to  minimize 
contributions  due  to  domain  switching.  Dielectric  properties  were  tested  both  with  and  without 
applied  bias.  For  temperature  dependent  property  measurements,  a  Signatone  dc  controlled 
power  supply  hot  stage  was  used  for  sample  heating.  Leakage  characteristics  were  determined 
using  a  Keithley  286  source  measurement  unit  interfaced  through  an  IEEE  bus  to  a  personal 
computer,  Electrical  property  results  are  given  for  top  and  bottom  electrode  thicknesses  of 
0,3  |im,  although  we  are  presently  using  much  thicker  electrodes  (1.5  pm)  to  minimize  the 
effective  series  resistance  of  the  capacitor  devices. 


RESULTS  AND  DISCUSSION 

The  first  pan  of  this  study  focused  on  the  effects  of  thin-film  stoichiometry  on  room 
temperature  dielectric  constant.  Results  for  this  relationship  are  shown  in  Figure  1 .  In  general, 
the  behavior  of  the  PZT  thin  films  paralleled  that  of  the  bulk  ceramic  materials;!  1 3)  the  nta.ximum 
dielectric  constants  were  observed  for  compositions  near  the  morphotropic  phase  boundary. 
Interestingly,  as  previously  reported  by  Watanabe  1 14)  and  Klee.!  15|  the  dielectric  constants  of 
our  thin  films  were  typically  greater  than  those  of  the  bulk  materials.  This  effect  is  possibly 
related  to  the  fine  grain  size  of  the  thin  films  compared  to  the  bulk  materials.  The  PZT  films 
were  characterized  by  a  columnar  growth  morphology  with  an  average  grain  size  of  l(X)  -  150 
nm.  Dielectric  losses  for  the  thin  films  were  in  the  range  of  0.015  -  0.030,  irrespective  of  the 
composition.  Because  of  the  high  dielectric  constants  observed  for  PZT  50/50  (k'  ~  1200)  and 
PZT  53/47  (k'  -  1000)  our  investigation  focused  on  these  compositions.  Although  these  are 
strongly  hysteretic  compositions,  decoupling  capacitors  are  designed  to  suppress  voltage 
fluctuations,  and  therefore,  to  operate  at  a  relatively  constant  bias  level  (e.g.,  5  V). 
Consequently,  the  use  of  hysteretic  compositions  does  not  present  an  operational  problem.  After 
identifying  the  compositions  of  interest  we  proceeded  with  onr  study  of  other  electrical  properties 
pertinent  to  device  development. 

One  key  material  characteristic  for  capacitor  applications  is  the  temperature  dependence  of 
the  dielectric  constant  in  the  operational  temperature  regime  of  interest.  Results  are  presented  in 
Figure  2  for  the  temperature  dependence  of  k',  from  25'’C  to  125“C,  for  a  PZT  53/47  thin  film. 
Under  zero  applied  bias,  there  is  a  fairly  strong  dependence  of  dielectric  constant  on  temperature, 
with  dielectric  constant  increasing  by  approximately  50%  between  25  to  125°C.  This  behavior  is 
representative  of  other  compositions  we  have  investigated.!  16]  With  an  applied  bias  of  +5  V, 
however,  the  temperature  dependence  of  k'  is  decreased  and  is  more  suitable  for  capacitor 
applications.  Under  this  applied  bias,  dielectric  constant  only  increases  by  about  20%  over  the 
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PbZrOa  PbTiOs 

X  in  Pb(Zri.x.Tix)03  ^ 

Fig.  1  Effect  of  PbZr03-PbTi03  ratio  on  the 
25°C  dielectric  constant  for  thin  film  and  bulk 
ceramics.  (Bulk  data  -  Ref.  1 3) 


Fig.  2.  Temperature  and  field  dependence  of 
of  the  dielectric  constant  of  a  PZT  .3.3/47  thin 
film. 


same  temperature  range,  varying  from  ~  800  to  ~  9.30.  Capacitor  perfomiance  under  these 
conditions  would  thus  meet  the  Z  3U  classification.  The  applied  bias  corresponds  to  an  applied 
electric  field  of  ~  62.5  kV/cm. 

In  addition  to  characterization  of  the  ihin-film  dielectric  properties  we  have  also  studied 
their  current  vs.  dme  (I-t)  and  current  vs.  voltage  (I-V)  behavior.  A  typical  I-t  response  is  given 
in  Figure  3  for  a  film  held  at  95°C,  subjected  to  a  +.30  V  bias.  Upon  application  of  the  voltage, 
there  occurs  a  high  current  transient  response,  followed  by  a  slow  decay  in  leakage  current  to  a 
steady-state  value.  The  time  required  to  reach  steady  .state  is  dependent  on  both  the  temperature 
and  the  applied  voltage,  although  in  general,  limes  of  30  minutes  or  greater,  are  required. 
Possible  explanations  for  I-i  behavior  have  been  discussed  previously  by  other  aulhors.l  17|  The 
films  also  exhibited  non-linear  I-V  behavior  under  applied  electric  fields  from  25  -  1 23  k  V/cm. 

In  an  attempt  to  decrea.se  the  magnitude  of  the  leakage  currents  of  the  films,  we  have 
studied  incorporation  of  both  A-  and  B-site  donor  dopants  into  the  films.  Results  for  0.4  and 
0.77  pm  PLZT  thin  films  are  given  in  Figure  4  for  lanthanum  additions  ranging  from  0. 1  to  3.0 
mol  %.  Leakage  currents  are  reponed  for  an  applied  electric  field  of  63  kV/cm  at  a  measurement 
temperature  of  125°C,  .30  minutes  after  the  application  of  the  voltage.  The  values  represent 
essenually  steady-state  current  flows.  Undoped  PZT  50/50  exhibited  a  leakage  current  of 
~  2  X  10-^  A/cm7.  The  addition  of  0.1  -  0.5  mol  %  La  re.sulted  in  a  slight  decrease  in  leakage 
current  to  ~  4  x  10  3  A/cm2.  Further  increases  in  lanthanum  doping  resulted  in  still  further 


Fig  3.  Typical  1-t  response  of  a  0.8  pm  PZT 
53/47  thin  film. 


Fig.  4  Effect  of  lanthanum  doping  on  the 
leakage  currents  of  PLZT  x/50/50  thin  films. 
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improvements  in  leakage  currents,  the  0.77  pm,  5  0  mol  %  lanthanum  doped  film  (PLZT 
5/50/50)  displayed  a  leakage  current  of  2.5  x  lO  **,  i.e.,  an  improvement  of  around  10' 
compared  to  our  nominal,  undoped  PZT  50/50  thin  film.  This  behavior  is  interesting  for  two 
reasons.  First,  it  demonstrates  that  dramatically  improved  leakage  performance  is  possible  in 
these  thin  films  by  incorporating  an  A-site  donor  dopant.  Second,  the  amount  of  lanthanum  that 
must  be  added  to  obtain  this  improvement  is  significantly  greater  than  would  be  necessary  to 
charge  compensate  acceptor  impurities.  Lead  vacancies  are  also  acceptors  which  need  to  he 
charge  compensated  to  minimize  the  carrier  concentration,  thus,  the  present  results  would  seem 
to  imply  that  the  films  contain  a  high  vacancy  concentration  (~  1  at.  %).  Experiments  are  in 
progress  to  study  the  conductivity  behavior  of  lanthanum  doped  PZT  films  prepared  from 
solutions  that  incorporate  higher  levels  of  excess  lead  precursor. 

Microstructural  observations  using  SEM  have  indicated  that  the  film  micTOstructure  does 
not  appear  to  vary  with  lanthanum  doping.  Examination  of  ferroelectric  hysteresis  loops 
displayed  the  expected  trend  with  increasing  lanthanum  content;  hysteresis  loops  became  slimmer 
and  coercive  field  and  remanent  polarization  decreased.  These  observations  indicate  that  the 
lanthanum  is  indeed  being  incorporated  into  the  perovskile  structure.  We  are  presently 
estimating  film  density  by  measuring  the  refractive  indices  of  the  films  using  ellipsometry,  to 
detemiine  If  increasing  film  density  can  explain  the  observed  decrease  in  leakage  current  with 
increased  lanthanum  doping  Dielectric  constant  and  loss  were  relatively  independent  of 
lanthanum  doping  level  and  no  systematic  effect  of  doping  on  these  properties  was  observ  ed. 

Niobium  doping  yielded  similar  results  to  those  observed  for  lanthanum  doping.  Results 
are  illustrated  in  Figure  5.  While  a  doping  level  of  0.1  mol  ^  resulted  in  a  decrease  in  the 
leakage  current  by  about  a  factor  of  five,  a  5.0  mol  %  doping  level  resulted  in  a  leakage  current 
that  was  ~  10^  less  than  the  undoped  PZT  50/50  thin  film.  Again,  the  doping  level  required  to 
obtain  a  maximum  increase  in  resistivity  is  relatively  high.  Analysis  of  Figures  4  and  5  shows 
that,  in  fact,  the  curves  for  La  and  Nb  doping  fall  almost  directly  on  top  of  each  other.  Thus, 
doping  with  either  A-  or  B-site  donor  species  results  in  increased  film  resistivity. 

The  calculated  resistivities  of  the  PLZT  thin  films  are  compared  to  the  reported  values  for 
the  bulk  ceramics  (181  in  Figure  6.  Due  to  the  non-linear  I-V  characteristics  of  the  thin  films,  a 
true  assessment  of  the  resistivities  from  the  available  data  is  difficult.  Because  of  this,  effective 
thin-film  resistivities  were  calculated  by  dividing  the  leakage  current  by  the  applied  electric  field 
of  65  kV/cm,  at  a  measurement  temperature  of  12.5°C.  Thus,  the  present  plot  at  least  gives  a 
feeling  for  the  magnitude  of  thin-film  resistivities  compared  to  balk  materials.  Due  to  the  more 
demanding  test  conditions  for  the  films  compared  to  the  bulk  ceramics  ( 100°C,  0. 1  kV/cm).  it 
would  appear  that  the  measured  resistivities  of  the  thin  films  are  at  least  as  high  as  the  values  for 
bulk  ceramics.  As  observed  for  bulk  ceramics,  increased  lanthanum  doping  resulted  in  higher 
resistivity. 

To  predict  the  reliability  characteristics  of  the  thin  films  we  have  recently  begun  to  study 
the  breakdown  characteristics  of  the  films  under  various  time/iemperature  conditions.  A  voltage 


Niobium  (mol  %)  Lanthanum  (mol  %) 


Fig  5.  Effect  of  doping  level  on  the  leakage  Fig.  6  Resistivities  of  PLZT  bulk  ceramics  and 

characteristics  of  0.8  pm  niobium  doped  PLZT  x/50/50  thin  films.  (Bulk  ceramic  data  - 

PZT  50/50  thin  films.  Ref.  1 8) 


63 


Temperature  (K) 


Fig.  7  Effect  of  temperature  on  dielectric 
breakdown  strength  for  both  bias  directions 
with  a  5  second  step  duration;  0.8  pm  PZT. 


Fig.  8  Effect  of  step  duration  on  measured 
breakdown  strength  at  12.S°C;  0.8  pm  PZ  T 
.8.1/47. 


staircase  program  with  varied  step  durations  was  used;  2  V  step  heights  were  employed.  Based 
on  the  model  of  Klein  119],  it  would  be  predicted  that  higher  temperatures  and  longer 
duration  steps  would  result  in  lower  breakdown  strengths.  Results  for  the  effects  of  temperature 
and  bias  are  presented  in  Figure  7  for  5  second  duration  voltage  steps.  Individual  results 
represent  the  average  of  a  minimum  of  six  measurements.  Surprisingly,  over  the  temperature 
range  studied,  breakdown  field  was  relatively  independent  of  temperature.  The  average  value  of 
Ebd  was  ~  800  kV/cm  for  positively  biased  samples,  i.e.,  those  samples  where  the  top  electrc^e 
was  biased  positively  with  respect  to  the  bottom  electrode.  The  absence  of  a  temperature  effect 
could  potentially  be  related  to  the  relatively  short  step  duration.  Preliminary  studies  with  longer 
duration  (10  to  60  minute)  steps  indicate  that  higher  temperatures  in  fact  result  in  lower 
breakdown  strengths.  Temperature  effects  on  the  breakdown  strength  of  0.4  pm  films,  for 
longer  duration  voltage  steps,  have  also  been  reported  previously  by  Moazzami.  120)  He 
reported  that  increasing  temperature  from  8.5°C  to  150°C  resulted  in  a  decrease  in  the  time-to- 
breakdown  from  -4x10*  seconds  to  -  1  x  1(P  seconds,  for  an  applied  electric  field  of  7,80 
kV/cm.  These  values  are  slightly  greater  than  our  measured  values,  although  differences  in 
testing  procedures  may  be  partially  responsible  for  this  variation. 

Bias  direction  also  affected  breakdown  strength.  Capacitors  under  negative  bias 
exhibited  lower  breakdown  fields  than  those  biased  positively.  This  effect,  shown  in  Figure  7, 
was  observed  at  room  temperature  and  75“C.  The  breakdown  strength  of  the  negatively  biased 
capacitors  varied  from  650  to  700  kV/cm. 

Voltage  step  duration  effects  on  breakdown  strength  were  also  noted  and  results  are 
shown  in  Figure  8  for  a  0.8  pm  PZT  5.V47  thin  film  tested  at  125°C.  While  pulse  durations  of  5 
seconds  resulted  in  film  breakdown  strengths  >  1  MV/cm,  3(X)  second  pulses  yielded  apparent 
breakdown  strengths  of  -  650  kV/cm.  These  results  fit  the  model  proposed  by  Klein  1 19|  and 
are  in  qualitative  agreement  with  those  of  Moazzami.] 20|  Similar  experiments  at  25  and  75''C 
yielded  analogous  results.  While  further  pulse  duration  experiments  are  required  for  accurate 
estimates  o."  reliability,  by  plotting  the  pulse  duration  versus  reciprocal  breakdown  field,  it 
appears  that  reasonable  device  lifetimes,  >  10“  seconds  (10  years),  are  expected. 


CONCLUSIONS 

The  electrical  propenies  of  donor-doped  PZT  thin  films  have  been  characterized  with  the 
aim  of  evaluating  these  materials  for  decoupling  capacitor  applications.  The  dielectric  properties 
of  the  films,  k  -  800  -  KXX)  and  tan  8  -  0.02,  appear  reasonable  for  this  application.  We  have 
also  characterized  the  conductivity  behavior  of  the  doped  and  undoped  PZT  thin  films.  Leakage 
currents  required  a  relatively  long  time  to  reach  steady  state  and  1-V  characteristics  were  typified 
by  non-linear  behavior.  Thin  film  resistivity  was  dramatically  improved  by  the  incorporation  of 
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either  A-  or  B-site  donor  dopants.  Compared  to  our  nominal  PZT  50/50  material,  an 
improvement  in  leakage  current  by  a  factor  of  KP  was  observed  for  films  with  doping  levels  of 
5  mol  %.  Thin-film  dielectric  properties  were  relatively  unaffected  by  doping.  Finally,  to  begin 
to  predict  capacitor  reliability  performance,  we  have  started  to  study  the  effects  of  temperature 
and  step  duration  on  breakdown  field.  As  predicted,  longer  duration  voltage  steps  yielded  lower 
effective  breakdown  field.  Acceptable  device  lifetimes  are  expected. 
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ABSTRACT 

A  fiber  optic  phase  and  polarization  modulator  is  presented  in  which  a  thin  transparent 
piezoelectric  polyvinylidene  fluoride  film  with  indium  tin  oxide  electrode  metallization  is  placed 
directly  in  the  path  of  the  output  of  a  single  mode  fiber.  Experimental  characterization  i.s 
presented  in  terms  of  the  linearity  of  response,  pha.se  shifting  ctiefficient,  and  frequency 
response  for  two  arrangements  differing  in  the  boundary  clamping  conditions.  Many 
applications  to  fiber  optic  switches,  intensity  modulators  and  demultiplexers  an;  indicated. 


INTRODUCTION 

Optical  interferometric  systems  of  the  bulk  optic,  holographic  or  fiber  optic  kinds  commonly 
utilize  phase  and  polarization  modulators  as  an  integral  part  forpha.se  calibration,  and  for 
implementation  and  testing  of  several  detection  .schemes  that  extract  the  measured  signal  fioni 
optical,  electronic  and  mechanical  noi.sc.  In  prefeience  to  using  bulk  optic  components,  in-line 
fiber  optic  pha.se  and  polarization  modulators  have  been  devised  wherein  the  light  remains 
guided  within  the  fiber  in  the  interaction  region  of  the  modulator.  This  confinement  within  the 
fiber  reduces  the  intensity  loss  due  to  in.sertion  of  the  modulator.  For  instance,  interaction  with 
an  externally  induced  modulation  is  commonly  achieved  by  bonding  the  fiber  onto  a 
piezoelectric  PZT  cylinder  or  a  thin  strip  of  polyvinylidene  fluoride  (PVF2)  film  •“1.  Though 
the  insertion  loss  is  reduced,  the  presence  of  the  epoxy  as  a  medium  of  transfer  of  strain  from 
the  strictive  element  to  the  fiber  introduces  large  nonlinearity  of  response  and  reduces  the 
efficiency  of  strain  transfer,  thus  limiting  the  phase  shifting  coefficient  (PSC)  and  dynamic 
ranged.  This  happens  because  of  the  different  elxstie  parameters  of  the  fiber,  the  piez.ofilm  and 
the  epoxy.  These  negative  factors  become  more  pronounced  when  long  fiber  lengths,  and 
hence  more  epoxied  regions,  are  used  to  increa.se  the  phase  and  polarization  modulatioif^. 
Moreover,  these  strictive  elements,  utilizing  multiple  fiber  passes,  occupy  appreciable  space  so 
that  compacmess  is  not  achieved  Whereas,  in  such  modulators,  time-  dependent  mixlulalion 
alone  has  been  considered,  certain  applications  require  spatial  modulation  ^  as  well.  Thi.s 
paper  presents  a  fiber  optic  pha.se  and  polarization  modulator  utilizing  a  piezoelectric  PVF2 
film  with  optically  transparent  metal  electrodes  made  of  indium  tin  oxide  coating.  The 
modulator  is  characterized  for  the  linearity  of  response,  frequency  response  and  phase  shifting 
coefficient  both  for  pha.se  as  well  xs  polarization  modulation.  The  modulator  is  tested  using  a 
combined  Mach-Zehnder-  Fabry-Perot  configuration.  Compared  to  several  meters  of  fiber 
interaction  length,  utilized  in  other  existing  modulator  configurations,  a  single  thin  film  of  -  .bO 
pm  is  shown  to  provide  a  phase  shifting  coefficient  of  the  same  order  of  magnitude.  Varied 
applications  involving  controllable  concurrent  spatial  and  temporal,  and  pha.se  and  polarization 
modulation  are  indicated. 
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EXPERIMENTAL  ARRANGEMENT  AND  RESULTS 

Figure  1(a)  shows  a  combined  Mach-Zehnder-  Fabry-Perol  interferometric  arrangcmcrii 
formed  from  two  single  mode  fibers  and  a  directional  coupler.  Though  the  measured  optical 


He  Ne  directional  coupler 


ST  connector 

Lside  view 
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glued  to  film 


ST  connector 


direct  view 


Fig.  1(a)  the  combined  Mach-  Zehnder-Fabry  Perot  interferometric 
configuration,  (b)  The  side  and  direct  views  of  the  circularly  clamped 
configuration  of  the  ITOP  modulator. 


transmissivity  of  the  piezofilm  was  higher  in  the  LW  nm  range,  a  He-Ne  laser  at  6.t3nm  w  as 
used  for  convenience.  The  fiber  on  port  C  was  terminated  in  an  ST  connector  which  was  butt- 
coupled  to  the  Indium  Tin  Oxide  coated  Piezofilm  (ITOP).  A  thin  circular  metal  washer  to 
which  the  fTOP  was  bonded  (see  Fig.  1(b))  enabled  well  defined  boundary  clamping  conditions 
and  resonance  frequencies.  A  firm  contact  between  the  fiber  and  the  ITOP  was  ensured  by 
forming  a  small  depression  of  the  ITOP  and  verified  by  a  micro.scopc.  Though  the  size  of  the 
ITOP  needed  was  not  more  than  the  dimensions  of  the  fiber  itself,  easy  a.ssemblage  and 
mounting  involved  using  a  larger  FTOP.  Another  configuration,  differ  ing  in  that  the  fiber  did 
not  end  in  the  ST  connector,  was  studied  but  not  pursued  because  the  PSC  was  relatively  less 
though  the  phase  shift  varied  linearly  with  the  applied  voltage.  The  fiber  end  on  the  port  B 
was  terminated  -n  index  matching  oil  to  cut  off  back  refiections.  The  ITOP  acts  as  a  phase 
modulator  in  the  outgoing  direction  of  the  port  C  with  the  phase  shift  measured  by  means  of  the 
Mach  Zehnder  (MZ)  configuration,  while  it  would  form  an  extrinsic  Fabry  Perot  (FP) 
interferometer  output  in  the  reflection  mode  in  the  direction  of  detector  D2.  The  transmission 
FP  output  seen  at  detector  D1  would  be  negligible  in  intensity  compared  to  the  directly 
transmitted  fiber  output.  The  phase  shift  measured  by  the  J1..J4  method  ^  for  a  number  of 
trials  was  1.374±  0.01  rad  for  an  input  voltage  of  10.5  V.  Figure  2  shows  the  phase  shift  by 
the  J 1  ..J4  method  as  a  function  of  the  input  voltage  at  2  kHz  for  the  FP  case.The  least 
squares  fit  to  the  plot  shown  is  (f=-0.0(K)4  V^-t-  0.131  \+  0.(KX)8),  indicating  a  linear  phase 
shifting  coefficient  (PSC)  of  0.131  radAfp.  Figure  3  shows  the  frequency  response  measured 
in  the  FP  mode.  The  normalized  output  reaches  a  peak  at  a  frequency  of  -7.4  kHz.  In 
comparison  to  the  significant  resonance  peak  of  the  FPF  2-4  which  is  mostly  in  the  range  of  .^- 
4  kHz,  this  presents  a  better  .suitability  to  fiber  .sensor  applications  where  a  higher  frequency  of 
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operation  is  preferred  lo  overcome  low-frequency  noise.  That  the  back-rcnecled  output  fmm 
the  FP  interferometer  must  present  a  phase  shift  that  i.>  double  that  of  the  phase  shift  in  the 
direct  output  from  the  MZ  ca,sc  was  confirmed  by  the  combined  Mach-Zehndcr  -Fabty 


Perot  configuration.  Figure  4  (a)  shows  the  output  of  the  MZ  interferometer  while  Fig. 4  (h) 
shows  the  FP  output.  The  voltage  readings  shown  in  Fig.4  correspond  to  the  amplitude  of  the 
fundamental  frequency  component  as  shown  by  the  arrows  (2  kHz  in  a  and  b,  and  7.4  kHz  in  c 
and  d).  Similar  amplitudes  at  the  next  three  harmonics  of  the  fundamental  frequency  for  each 
frame  can  be  read  by  moving  the  cursor  in  the  oscilloscope.  The  phase  shilt  lor  each  Iranie  is 
then  calculated  from  the  four  amplitude  readings  by  utilizing  the  J  l  ..J4  method^  of  direct  linear 
phase  measurement.  The  phase  shift  at  2  kHz  (or  these  two  outputs  are  determined  by  the 
JI..J4  method  to  be  0.97  rad  and  1.92.4  rad  respectively.  This  was  further  confirmed  at  the 
resonance  frequency  of  7.4  kHz  .shown  for  the  MZ  and  FP  cases  in  Figs. 4(c)  and  (d) 
respectively.  The  pha,se  shifts  respectively  were  1 .67  rad  and  .4.2.4  rad  for  an  input  voltage  ol 


Fig.4.  FFT  of  the  output  of  (a)  the  Mach  Zehnder  interferometer  and  (b)  the 
Fabry  Perot  interferometer  for  phase  shift  at  2  kHz,  and  (c)  the  Mach  Zehnder 
interferometer  and  (d)  the  Fabry  Perot  interferometer  for  phase  shift  at 
resonance  of  7.4  kHz.  The  voltage  readings  indicate  the  amplitude  of  the 
fundamental  frequency  for  each  frame. 
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6.57  Vp.  Thus  the  utility  of  the  phase  modulator  for  the  Mach  Zehnder  interferomciiic 
configuration  has  also  been  demonstrated.  Further,  as  the  resonance  frequency  is  reached  the 
PSC  becomes  larger  with  the  result  that  a  PSC  of  0.508  rad/  Vp  was  recorded  for  the 
frequency  of  7.4  kHz.  The  PSC  of  1.77rad/  Vp-m  for  the  FPF  configuration  ~  reported 
earlier  was  obtained  by  utilizing  one  meter  of  fiber  interaction  length.  In  comparison  to  this, 
the  interaction  length  here  is  the  thickness.  -  50  mm.  of  the  ITOP  itself.  Comparing  these 
values,  the  performance  of  the  ITOP  direct  modulator  configuration  pre.sented  is  much  supenoi 
to  the  performance  of  the  FPF  configuration.  Also,  a  single  piezofilm  alone  has  been  utilized 
in  the  demonstration  here  whereas  a  stack  of  piezofilms,  bonded  together  with  an  opticalls 
transparent  epoxy,  can  be  used  to  multiply  the  phase  shift  produced.  For  this  purpo.se,  it  is 
also  possible  to  form  by  chemical  deposition  a  multilayer  element  consisting  of  alternate  films 
of  ITO  and  PVF2  to  avoid  the  use  of  epoxy. 

The  optical  birefringence  ^  exhibited  by  the  PVF2  piezofilm  can  be  effectively  utilized  to 
fabricate  polarization  modulators  with  high  efficiency.  The  ITOP  fiber  optic  polarization 
modulator  was  tested  in  the  arrangement  of  the  Mach  Zehnder  configuration  shown  in  Fig.  Ua ) 
after  blocking  the  output  from  port  B.  A  half  wave  plate  was  introduced  after  the  polarized  laser 
source  and  an  analyzer  after  the  ITOP  on  port  C.  The  ST  connector  was  moved  away  from  ihe 
ITOP  so  that  the  two  were  not  in  contact.  This  was  done  to  compare  the  frequency  response 
with  that  determined  earlier,  and  find  the  effect  of  mechanical  loading  of  the  ITOP  by  the 
connector.  An  input  voltage  at  the  frequency  of  8.4  kHz  was  given  to  the  piezolilm.  Figure  5 
shows  the  effect  of  bringing  in  the  analyzatr  and  removing  it  subsequently,  demonstrating  that 
the  plot  shown  is  indeed  due  to  polarization  modulation  and  not  due  to  any  rellection-related 
interference  effects.  Concurrent  pha.se  modulation  does  not  contribute  to  the  pli'l  because  the 
signal  dies  out  on  removing  the  analyzer.  Figure  6  shows  the  frequency  respon.se  of  the  ITOP 


Fig.5.  Instantaneous  output  of  the  ITOP  modulator  when  the  analyzer  is 
inserted  (St)  and  removed  subsequently  (Sp). 
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polarisation  modulator  in  terms  of  the  normalised  output  voltage  as  a  function  of  the  input 
frequency.  It  is  seen  that  the  significant  resonance  peak  tKCurs  at  8.4  kHz  which  correponds 
to  the  resonance  peak  at  7.4  kHz  in  the  loaded  condition.  This  change  in  the  resonance 
frequency  between  the  unloaded  and  the  loaded  conditions  was  as  expected.  Figure  7  shows 
the  variation  of  the  output  voltage  at  the  fundamental  frequency  of  8.4  kHz  as  a  function  of  the 
input  voltage.  To  achieve  this,  an  experimental  study  of  the  effect  on  the  modulation  depth  l  or 
variation  of  the  half  wave  plate  angle  and  the  analyzer  angle  was  conducted,  and  optimum 
angles  for  the  half  wave  plate  and  the  analyzer  were  chosen  for  maximum  polarizaiioji 
modulation  depth.  Thus,  both  polarization  and  phase  modulation  with  the  ITOP  modulator 
have  been  demonstrated. 


Fig.  6.  Frequency  response  of  Fig.  7.  Linearity  of  the  output 

polarization  modulation.  voltage  with  input  voltage,  at 

8.4  kHz. 


APPLICATIONS 

The  ITOP  ba.sed  direct  pha.se  modulator  can  be  used  in  fiber  interferometers  of  the  Macli- 
Zehnder,  the  Fabry  Perot  as  well  as  the  Michelson  configurations  for  the  generation  ol  a 
carrier  phase/  polarization  modulation  or  for  active  control  of  the  phase  difterence  biasing  the 
interferometer  at  the  quadrature  point.  The  capability  of  producing  a  spatial  distribution  ol  the 
phase/  polarization  modulation  leads  to  interesting  applications  for  fiber  interferomcunc  .sensors 
where  two  modes  supported  by  the  fiber  that  dilfer  in  the  spatial  distribution  ol  their 
electromagnetic  field  complex  amplitude  are  utilized.  This  device  can  thus  be  used  to  generate  a 
differential  .spatial  phase  modulation  along  with  time-dependent  phase  modulation  tacilitaiing 
detection  of  .several  physical  parameters.  The  tran.spareni  piezofilm  has  .significant  application  s 
in  fiber  optic  switches  and  intensity  modulators  ^  utilized  in  communication  and  sensor 
systems.  Given  the  attractive  features  of  PVF2  compared  to  ceramic  PLZT  or  liquid  crystals,  a 
great  potential  exists  for  the  development  of  PVF2  ba.sed  switches  and  demultiplexers  tor  both 
single  mode  and  multimode  fiber  systems. 
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ABSTRACT 

Prototype  ferroelectric  thin  film,  nonvolatile  memory,  nondestructive  readout 
(NDRO),  semiconductor  devices  have  been  fabricated.  The  "1"  and  "O"  logic  states  of 
these  prototype  devices  are  in  principle  determined  by  the  modulation  of  the 
conductivity  of  a  semiconductor  film  channel  by  the  polarization  state  of  the 
underlying  ferroelectric  thin  film  layer.  Programmed  resistance  ratios  of  the  two 
logic  states  of  5:1  are  demonstrated.  While  the  best  performance  to  date  has  been 
achieved  for  devices  that  have  a  40  nm  InjOj  film  covering  a  300  nm  thick  PZT  20/80 
layer,  we  also  develop  criteria  for  selecting  semiconductor  films  that  will  improve 
performance  for  this  NDRO  device  design.  Among  the  other  semiconductor  films 
that  are  characterized  with  respect  to  this  criteria  are  boron  doped  Ge,  ZnO  and 
aluminum  doped  ZnO.  It  is  demonstrated  that  by  appropriate  donor  doping  of  ZnO 
films  the  effects  of  intrinsic  defects  are  masked  and  that  process  temperatures  can  be 
extended  by  300°C. 


INTRODUCTION 

The  principal  advantage  of  NDRO  ferroelectric  thin  film  semiconductor 
memories  is  that  there  is  substantially  less  chance  of  bit  error  readings  than  for  their 
conventional  destructive  readout  (DRO)  counter  parts.  During  the  read  operation  in 
a  conventional  two  transistor  /  two  capacitor  DRO  cell  design,  .several  operations 
occur  while  the  bit  iine  or  bit  line  bar  capacitor  is  switched  to  the  opposite 
polarization  state  of  the  initial  read.  Typically,  these  operations  consist  of  driving  the 
ferroelectric  capacitor  to  its  opposite  polarization  state,  reading  the  state  with  the 
sen.se  amplifier,  driving  the  bit  line  or  bit  line  bar  line  to  the  rails  (typically  5  volts), 
and  then  setting  the  drive  line  back  to  zero  volts  to  restore  the  initial  polarization 
state  of  the  capacitor.  The  time  interval  for  these  operations  ranges  from  100  ns  to 
500  ns,  depending  on  cell  design  and  timing  circuity.  If  an  event,  such  as,  a  power 
outage  or  a  radiation  burst  occurs  during  this  time  interval,  a  bit  error  reading  is 
quite  likely  to  occur. 

Figure  1  is  a  schematic  diagram  of  the  type  of  nondestructive  readout 
nonvolatile  memory  device  that  is  discussed  in  this  paper.  Device  operation  is 
determined  by  the  conductivity  of  the  semiconductor  film  that  is  deposited  on  the 
PZT  film  layer.  For  an  n-type  semiconductor  film,  if  the  polarization  vector  is 
oriented  towards  the  semiconductor  film  (pointing  up  in  Figure  1,  +  Pr)  one  would 
expect  that  the  majority  carrier  (electron)  concentration  is  enhanced  and  the 
conductivity  of  the  film  increases.  Conversely,  if  the  ferroelectric  is  switched  to  the 
opposite  polarization  state  (-Pr),  one  would  expect  that  the  electron  concentration  is 
reduced  in  the  semiconductor  film  and  conductvity  decreases.  The  logic  state  is  read 
by  monitoring  the  current  flowing  in  the  semiconductor  film;  and  thus,  the 
ferroelectric  polarization  state  is  not  reversed  during  the  read  operation.  For 
maximum  difference  in  the  "1”  and  "0"  resistance  states,  a  semiconductor  film 
thickne.ss  of  approximately  50  nm  is  used.  While  inadequate  coverage  of  the  PZT 
film  surface  is  obtained  if  the  semiconductor  film  is  much  thinner  than  50  nm,  the 
resistance  difference  may  be  reduced  for  thicker  films.  The  ITO  layer  decreases  the 
contact  resistance  between  the  top  Pt  electrode  and  the  InjO,  thin  film,  thereby 
increasing  the  programmed  resistance  ratio. 
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FIG.  1.  Schematic  di:  .  am  of  NDRO  device. 

The  concept  of  modulating  semiconductor  film  conductivity  by  an  underlying 
ferroelectric  wa.s  considered  by  Morris*  and  Zuleeg  and  coworkers*  in  the  mid-l%0's. 
We  have  based  much  of  our  work  on  subseqi  cnt  publications  by  Crawford*  and 
Taylor'*  in  the  1970's.  Crawford*  dcononstrated  that  the  conductivity  of  a  SnO,  film 
could  be  changed  by  approximately  four  orders  of  magnitude  by  the  polarization  state 
of  an  underlying  PZT  based  bulk  ceramic.  Taylor*  outlined  the  process  by  which 
semiconductor  film  conductivity  could  by  modulated  by  Bi^TijO,,  films  or  bulk 
ceramics.  He  also  suggested  the  use  of  these  structures  for  nonvolatile 
semiconductor  memories.  The  ready  availability  in  the  late  1980’s  of  solution  derived 
PZT  thin  films,*  led  Evans  and  Bullington®.*  to  the  development  of  circuitry  and 
device  structure  that  would  make  commercial  NDRO  ferroelectric  thin  filrn  devices 
realizable. 

Our  work  is  one  of  the  first  reports  of  the  NDRO  operation  and  characteristics 
of  solution  derived-PZT  film  //  semiconductor  film  composites.  We  present 
preliminary  data  concerning  film  composite  chemical  interactions  after  the  composite 
has  been  subjected  to  simulated  process  temperatures.  Further,  we  describe  the 
semiconductor  film  properties  necessary  for  optimization  of  NDRO  device 
performance,  and  show  both  material  and  electrical  characterization  of  a  number  of 
.semiconductor  film  //  ferroelectric  film  composites.  We  demonstrate  that 
resistivities  obtained  for  semiconductor  film  //  PZT  film  composites  are  consistent 
with  measurements  of  mobility  and  carrier  concentration  obtained  for  semiconductor 
films  deposited  on  fused  silica  substrates  as  a  function  of  process  temperature. 

Finally,  we  acknowledge  that  the  assumption,  which  is  implicitly  made  through 
out  this  paper,  that  the  sole  mechanism  responsible  for  NDRO  device  characteristics 
is  the  modulation  of  bulk  semiconductor  film  re.sistivity  by  the  underlying 
ferroelectric  film  is  too  simplistic.  Among  the  many  effects  that  can  have  substantial 
impact  on  real  device  characteristics  are  electrode  //  semiconductor  film  contact 
potentiaLs,  semiconductor  film  / /  ferroelectric  film  interface  states,  and  charge 
injection*  into  trap  .states  in  the  ferroelectric  film.  The  emphasis  of  our  work  is 
materials  characterization,  as  such,  a  detailed  discussion  of  the  nuances  of  NDRO 
operation  and  the  mechanisms  responsible  for  this  behavior  are  outside  the  scope  of 
this  paper. 
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EXPERIMENTAL  PROCEDURE 

Prototype  NDRO  devices  were  fabricated  using  solution  chemistry  derived 
Pb(Zr,Ti)Oj  thin  films  and  electron  beam  deposited  In,05  thin  films  or  RF 
Magnetron  sputter  deposited  Ge,  ZnO  or  Al  doped  ZnO  thin  films.  For  the 
prototypes,  the  PZT  20/80  films  were  deposited  using  a  process  similar  to  the  hybrid 
solution  deposition  procedure  developed  by  Gi  and  Sayer.^  Crystallization 
treatments  of  650°C  for  1  hour  were  used,  indium  oxide  films  were  fabricated  by 
electron  beam  evaporating  In  at  10'«  Torr  and  then  oxidizing  the  In  film  at  400°C  in 
air.  ZnO  and  Ge  films  were  RF  sputter  deposited  after  the  base  pre.s.sure  of  the 
system  was  cryopumped  to  less  than  10  r  Torr  and  with  a  target  to  substrate  distance 
of  5  cm.  Although  ZnO  films  were  RF  magnetron  sputtered  using  many  deposition 
conditions,  the  two  types  of  Al  doped  ZnO  films  discussed  in  this  paper  were 
deposited  with  a  ring  magnetron  target,  Ar  gas,  abutter  deposition  rate  of  50 
nm/min,  and  pressures  of  either  10  mT  and  25  mT  Al  doped  ZnO  films  deposited  at 
lOmT  pres.sure  had  an  order  of  magnitude  lower  resistivity,  2  X  10  >  ohm-cm 
compared  to  2  X  10"^  ohm-cm,  than  films  deposited  at  25  mT.  The  Al  doped  ZnO 
target  contained  2  weight  percent  AljOj,  which  corresponds  to  a  doping  level  of  0.32 
atom  percent  Al  in  ZnO.  Germ,  nirm  films  were  RF  magnetron  sputter  deposited 
with  a  planar  target  at  20  mT  Ar  pressure.  The  Ge  sputtering  target  was  doped  with 
boron  to  a  resistivity  of  0.01  ohm-cm.  Fused  silica  or  PZT  films  deposited  on 
platinized  silicon  wafers  were  u.sed  as  the  substrates  for  electrical  characterization  of 
semiconductor  films. 

Interfacial  reactions  between  the  semiconductor  film  and  the  PZT  film  can  have 
a  substantial  impact  on  device  performance.  In  addition  to  conventional  blanket 
wafer  sections  on  platinized  silicon  wafers,  2.5  cm  X  2.5  cm  photolithographically 
defined  areas  on  10  cm  (4")  diameter  prototype  device  wafers  were  also  investigated. 
These  targe  areas  consisting  of  muttipie  film  depositions  were  annealed  at 
temperatures  ranging  from  300’C  to  650°C  to  determine  the  extent  of  interaction. 
Auger  electron  spectroscopy  (AES),  Secondary  ion  ma.ss  spectroscopy  (using  >'0  to 
minimize  charging  effects)  and  transmission  electron  microscopy  were  among  the 
techniques  used  to  characterize  film  structure,  microchemistry  and  interfacial 
reactions. 

An  array  of  electrical  test  measurements  was  used  to  characterize  prototype 
devices,  blanket  semiconductor  film  //  PZT  film  .structures  and  individual 
semiconductor  films.  Typically,  prototype  device  characterization  was  performed 
with  2  ms  pulses,  8  volt  write  pulses,  0.4  volt  drain  to  source  read  pulses.  Similar  "1" 
and  "0"  state  resistivities  were  obtained  with  5  fis  pulses  using  arbitrary  waveform 
generators.  Four  point  I-V  measurements  were  u.sed  to  initially  characterize 
semiconductor  films  after  deposition.  Hall  Effect  and  four  point  !-V  measurements 
were  performed  on  structures  consisting  of  an  1.1  cm  X  1.1  cm  square  of  material 
with  Au  electrodes  deposited  on  the  corners.  While  traditional  Van  der  Pauw 
analysis  was  used  to  reduce  the  data  obtained  from  four  point  I-V  measurements, 
fourier  transform  techniques  were  used  to  enhance  signal  to  noise  ratios  in  the  Hall 
effect  measurements  for  low  mobility  .samples.  Hall  effect  mea.surement.s  were 
performed  with  magnetic  fields  up  to  0.77  T  and  with  dc  electrical  bias.  Both  Hall 
effect  and  four  point  I-V  measurements  were  made  over  the  temperature  range  from 
40K  to  295K.  Ambient  Seebeck  measurements  confirmed  that  all  of  the 
semiconductor  films  in  this  study  were  n-type. 
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RESULTS  4ND  DISCUSSION 

The  choice  of  a  semiconduclor  film  for  NDRO  devices  is  severely  restricted  by  a 
combination  of  both  processing  and  electrical  requirements.  First,  the  film 
composite  must  be  insensitive  to  process  environments,  such  as,  glass  encapsulation, 
metallization  anneal,  and  packaging  environments.  The  film's  electrical  resistivity 
should  also  be  relatively  constant  over  the  operating  temperature  range,  -55 °C  to 
125°C  for  military  applications,  so  that  the  currents  sensed  are  of  the  same  order  of 
magnitude.  Because  of  the  constraints  of  device  geometry  -  typical  dimensions  of  a 
semiconductor  film  channel  are  10  /jm  X  10  >im  X  50  nm  -  it  is  important  that  the 
resistivity  be  on  the  order  of  0.01  ohm-cm.  If  the  film  resistivity  is  less  than  0.01  ohm- 
cm,  then  there  is  an  improper  match  to  the  CMOS  series  resistance  (approximately 
3000  ohms).  In  many  cases,  this  will  result  in  the  resistance  difference  netween  "1" 
and  "0"  states  to  be  rather  limited.  Programmed  resistance  ratios  on  the  order  of  2: 1 
to  10:1  are  desirable.  The  programmed  resistance  ratio  is  defined  as  the  ratio  of  the 
resistance  in  the  high  resistance  state  to  the  resistance  of  the  low  resistance  state.  If 
the  resistance  ratio  is  less  than  2:1,  then  it  is  difficult  to  dLscriminate  between  "1"  and 
"0"  logic  states.  If  the  resistance  ratio  is  much  greater  than  10:1,  then  the  device  write 
speed  is  compromised  by  the  large  RC  time  constant  of  the  device. 

Our  primary  technique  for  determining  the  suitability  of  a  semiconductor  film 
for  NDRO  devices  was  to  deposit  a  candidate  semiconductor  film  on  a  PZT  film  and 
then  anneal  the  composite  at  hOO'C  or  650'’C  for  1  hour  in  air.  These  annealing 
conditions  were  cho.sen  to  roughly  approximate  the  aforementioned  process 
temperature  environments.  After  the  anneal,  the  electrical  properties  and  interfacial 
reactions  of  the  film  composite  were  then  analyzed.  This  approach  reduces  an 
essentially  infinite  number  of  semiconductor  thin  film  candidates  to  a  very  small 
number. 

Chemical  reaction  between  the  semiconductor  film  and  the  PZT  film  at 
temperature  eliminates  many  films  from  consideration  for  NDRO  devices.  An 
example  of  extensive  chemical  reaction  is  shown  in  Figure  2  for  a  Ge  film  deposited 
on  a  PZT  40/60  film  layer.  While  Auger  electron  spectra  indicate  substantial  in¬ 
diffusion  of  Ge  and  O  for  the  film  annealed  at  600°C,  Ge  and  O  profiles  are 
relatively  sharp  for  the  film  annealed  at  .350°C.  Corresponding  electrical  resistivity 
measurements  indicated  film  resistivities  that  were  orders  of  magnitude  outside  the 
desired  specifications.  Diffusion  of  oxygen  from  the  annealing  atmosphere  into  the 
Gc  film,  which  may  be  preferential  along  grain  boundaries,  may  also  have 
contributed  to  the  substantial  change  in  resi.stivity.  In  contrast,  the  Auger  electron 
spectra  of  the  prototype  wafer  materials  analysis  area  for  an  lOjOs  thin  film 
deposited  on  PZT  20/80  and  annealed  at  650”C  for  1  hour  indicates  that  massive 
interdiffusion  of  In  into  the  PZT  layer  has  not  occurred  and  that  the  oxygen  content 
of  the  InjOj  film  did  not  change  appreciably  upon  annealing.  Further,  the  resistivity 
of  this  film  was  adequate  for  NDRO  device  operation.  While  determination  of  Sn 
diffusion  was  at  the  limits  of  AES  detectability,  diffusion  of  Sn  from  the  In,.,,Sn,03 
interface  contact  layer  into  the  InjO,  film  was  detected  by  SIMS  analysi.s.  Diffusion 
of  Sn  into  other  layers  was  below  the  levels  of  SIMS  detectability  for  this  analysis 
structure.  Functional  prototypes  were  fabricated  from  this  IT0//In203//PZT 
composite  structure. 

Zinc  oxide  was  another  semiconductor  film  material  that  did  not  exhibit 
extensive  chemical  reaction  with  PZT  after  a  h.SO’C  air  anneal.  ZnO  films  deposited 
on  PZT  53/47  layers  showed  no  significant  reaction  by  optical  microscopy  after 
annealing  at  650°C  for  1  hour.  Further,  Pt  electrodes  were  deposited  on  top  of  the 
composite  and  essentially  identical  ferroelectric  properties  (Pr  =  25  jiC/cm^  and 
=  40  kV/cm)  were  obtained  for  the  annealed  composite  as  for  the  virgin  ferroelectric 
film.  Four  point  resistivities  on  the  order  of  O.I  ohm-cin  were  obtained  for  as 
deposited  ZnO  films  on  fused  silica.  However,  prototype  devices  fabricated  using 
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FIG.  2.  Auger  Electron  Spectra  for  Ge  //  PZT  40/60  composite.s  annealed  at  350°C 
and  600°C 


ZnO  films  and  annealed  at  400”C  in  air  had  resistivities  orders  of  magnitude  too  high 
for  device  applications.  We  attribute  this  behavior  to  the  decrease  in  oxygen  vacancy 
concentration  in  the  vicinity  of  the  grain  boundaries  after  the  400“C  anneal.  The 
majority  carrier  (electron)  concentration  is  reduced,  as  shown  -n  equation  1,  and  the 

O,  ==Vo--  +  2e’ +  l/2  0j(g)  (1) 

conductivity  decreases.  We  acknowledge  that  there  is  still  some  uncertainty  whether 
zinc  interstitials  or  oxygen  vacancies  are  the  primary  property  controlling  intrinsic 
defects  for  ZnO,  but  for  the  purposes  of  the  present  discussion  it  is  inconsequential. 

Our  strategy  for  making  ZnO  films  more  insensitive  to  process  temperatures  is 
to  extrinsically  dope  the  ZnO  films  to  such  concentration  as  to  mask  the  effects  of  the 
intrinsic  defects.  TTie  effect  of  increasing  resistivity  with  annealing  temperature  is 
shown  in  Figure  3,  for  both  an  A1  doped  ZnO  film  and  a  ZnO  films  with  no  additions. 
These  films  were  deposited  on  fused  silica  substrates  and  were  500  nm  and  100  nm 
thick,  respectively.  The  AI  doped  ZnO  film  was  deposited  at  a  pressure  of  10  mT. 
The  resistivity  is  measured  at  ambient  after  the  films  were  annealed  for  1  hour  at  the 
temperature  pl.otted  on  the  graph.  The  resistivity  of  the  ZnO  film  with  no 
purposefully  added  dopants  increased  by  two  orders  of  magnitude  after  a  300°C 
anneal,  consistent  with  prototype  device  measurements.  ZnO  films  with  0.32  atomic 
percent  Al  additions  had  an  as  deposited  resistivity  of  approxirnately  lO-^  ohm-cm, 
which  is  two  orders  of  magnitude  less  than  that  of  the  as  deposited  film.  The 
decrease  in  resistivity  is  attributed  to  the  substitutior  of  an  Al  ion  on  a  Zn  site,  which 
is  compensated  for  by  extra  electrons,  as  shown  in  E  jcation  2. 

ZnO 

AI2O3  =  2AU„-  +  2e’ +  3/2  0,(g)  (2) 

While  Al  doped  ZnO  films  were  less  sensitive  to  annealing  temperatures  than  ZnO 
films  with  no  purposefully  added  dopants,  a  substantial  increase  in  resistivity  was 
observed  after  annealing  at  500“C.  Specifically,  after  a  400"C  anneal,  the  Al  doped 
ZnO  film  resistivity  has  increased  by  less  than  a  factor  of  five,  but  after  annealing  at 
5(X)”C,  the  resistivity  has  increased  by  two  orders  of  magnitude. 
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FIG.  V  Ambient  resistivity  of  ZnO  and  A1  doped  ZnO  films  after  1  hour  anneal  in 
air  at  temperature. 

We  attribute  this  increase  in  resistivity  with  annealing  temperature  to  the 
oxidation  of  A1  at  the  grain  boundaries,  which  increases  the  effective  impedance  of 
the  grain  boundaries.  Previously,  it  has  been  shown'®  that  the  grain  size  of  ZnO 
varistors  doped  with  Al  is  substantially  less  than  that  for  varistors  with  no  Al 
additions,  suggesting  the  active  presence  of  Al  at  grain  boundary  interfaces  in  ZnO 
based  materials.  Further,  Hall  effect  measurements  were  obtained  for  two  Al  doped 
ZnO  films,  one  of  which  was  not  annealed  and  the  other  which  was  annealed  at 
300“C  in  air  for  1  hour.  The  electron  mobility  substantially  decreases  and  the  carrier 
concentration  remains  essentially  constant  with  annealing,  which  further  supports  the 
above  hypothesis.  This  implies  that  if  a  ZnO  film  could  he  made  with  a  suitable 
dopant,  one  that  would  not  result  in  the  formation  of  potential  barriers  to  transport 
at  grain  boundaries  after  annealing,  a  process  temperature  insensitive  semiconductor 
film  could  be  developed  for  PZT  thin  film  NDRO  devices. 

Van  der  Pauw  analyses  of  four  point  l-V  measurements  as  a  function  of 
temperature,  from  40K  to  295K,  were  performed  on  both  InjO,  and  Al  doped  ZnO 
films.  Resistivity  vs.  temperature  relationships  for  the  two  films  are  depicted  in 
Figure  4.  TTie  resistivity  magnitude  of  both  the  Al  doped  ZnO  film  and  the  indium 
oxide  film  are  similar  at  295K  being  0.027  and  0.01 1  ohm-cm,  respectively.  The  Al 
doped  ZnO  film  was  deposited  at  a  pre.ssure  of  25  mT,  in  an  attempt  to  achieve  a 
resistivity  closer  to  the  desired  value  for  NDRO  devices,  and  has  an  order  of 
magnitude  higher  resistivity  than  the  ZnO  film  deposited  at  10  mT.  A  similar 
percentage  change  in  resistivity,  on  the  order  of  30%,  is  measured  from  40K  to  295K 
for  both  the  InjOj  and  Al  doped  ZnO  films.  The  two  films  also  exhibit  similar 
behavior  as  a  function  of  annealing  temperature  as  both  films  have  an  approximately 
30  fold  increase  in  resistivity  after  annealing  in  the  temperature  range  of  300°C  to 
400  °C. 

The  reason  for  the  re.sistivity  increases  upon  annealing  are  substantially  different 
for  the  two  films.  The  InjO,  film  shows  a  significant  change  in  carrier  concentration 
after  the  anneal,  while  the  Al  doped  ZnO  film  carrier  concentration  remains 
essentially  constant  (=2.7  X  10™  cm  ®).  Interestingly,  the  mea.sured  Al  doped  ZnO 
film  carrier  concentration  is  very  close  to  the  calculated  value  of  2  X  10™  cm  ®  for 
0.32  at.%  Al  doped  ZnO,  which  is  the  nominal  target  composition.  After  the  anneal, 
the  carrier  concentration  of  the  InjO,  film  decreased  from  an  initial  value  of  1.3  X 
10®'  cm  ®  to  6.3  X  10'*cm-®  with  a  Hall  mobility  of  approximately  1  cm®/V-sec  being 
measured  before  and  after  the  anneal.  The  Hall  mobility  of  the  Al  doped  ZnO  film 
decreases  from  an  initial  value  of  1.6  cm®/V-sec  to  0.048  cm®/V-sec  after  annealing. 
The  Hall  mobility  is  larger  than  the  conductivity  mobility  by  a  factor  f,  which  is 
approximately  1.9  for  the  case  of  ionized  impurity  scattering. 
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FIG.  4.  Resistivity  of  Al  doped  ZnO  and  In^Oj  films  as  a  function  of  temperature 
from  40K  to  295K. 

Prototype  devices  have  been  made  with  both  InjOj  and  Al  doped  ZnO  resistor 
channels.  Channel  dimensions  were  either  10  #*m  X  10  (im  or  30  j^m  X  30  ^im 
depending  on  the  mask  set  used.  As  deposited  Al  doped  ZnO  devices  (10  mT 
deposition  pressure)  had  resistivities  that  were  an  order  of  magitude  less  than  those 
of  the  as  deposited  InjOs  film  devices,  as  predicted  from  electrical  resistivity 
measurements  on  glass  slides.  For  a  typical  lojO.  basted  NDRO  device  that  was 
annealed  at  400°C,  we  achieved  a  low  resistance  state  of  50.000  ohms  (0.25  ohm-cm) 
and  a  high  resi.stance  .state  of  250,000  ohms  (1.25  ohm-cm)  for  a  programmed 
resistance  ratio  of  5:1.  While  2  ms  pulses  were  u.sed  for  these  measurements,  0.4  volts 
was  applied  across  the  semiconductor  film  to  obtain  resistance  readings.  We 
obtained  es.sentially  identical  programmed  resistance  ratios  using  sequences  of  5  ms 
pulses  from  arbitrary  waveform  generators  and  monitoring  current. 


SUMMARY 

While  functioning  prototype  NDRO  devices  have  been  fabricated,  more  work  is 
required  to  develop  semiconductor  film  -  ferroelectric  thin  film  composites  that  are 
more  insensitive  to  process  environments.  Semiconductor  film  .selection  for  NDRO 
devices  was  based  on  three  criteria:  1)  no  chemical  reaction  with  underlying  PZT 
films  at  process  temperatures,  2)  appropriate  ambient  electrical  resisiivitj' 
(approximately  0.01  ohm-cm),  and  3)  minimal  variation  of  electrical  properties  after 
simulated  process  temperature  anneals.  While  the  high  mobility"  (1900  cm^/V-sec) 
of  boron  doped  Ge  films  is  attractive  for  NDRO  devices,  AES  spectra  indicate  that 
chemical  reactivity  of  Ge//PZT  composites  in  process  environments  may  be  a 
significant  problem.  Hall  effect  measurments  indicated  that  after  a  400°C  anneal  in 
air,  the  carrier  concentrations  of  lojOj  films  decrea.sed  from  1.3  X  lO^r  cm  ’  to  6.3  X 
10‘*  cm  ’;  wherea.s,  the  carrier  concentration  of  Al  doped  ZnO  films  annealed  at 
300°C  was  essentially  the  same  as  that  measured  at  ambient.  However,  the  mobility 
of  the  Al  doped  ZnO  films  decreased  by  three  orders  of  magnitude  after  the  anneal, 
resulting  in  similar  resistance  increases  for  both  films  after  annealing.  Nonetheless, 
functioning  prototype  devices  based  on  either  InjO,  or  Al  doped  ZnO  films  were 
fabricated.  Glass  passivated  NDRO  devices  based  on  10,0,  had  programmed 
resistance  ratios  greater  than  5:1. 
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ABSTRACT 

A  pyroelectric  infrared  sensor  using  a  poIy(vinylidene  fluoride)  (PVDF)  thin  film  has 
been  integrated  with  a  read-out  circuit  on  a  silicon  substrate.  The  PVDF  thin  film  with  a 
thickness  of  1-2  pm  was  deposited  on  the  sensing  area  by  an  electro-spray  (ESP)  method.  A 
form  I  crystal  and  a  large  pyroelectric  coefficient  of  4  nCcm  ^K‘^  were  observed  just  after  the 
deposition  without  any  poling  treatments.  The  fabrication  process  of  the  sensor  was  based  on 
a  standard  MOS  LSI  process  and  a  polysilicon  sacrificial  layer  etching  technique.  In  order  to 
reduce  the  heat  capacitance  and  the  thermal  conduction,  the  PVDF  thin  film  was  supported  on 
a  thin  SisNa  membrane  structure  formed  by  etching  a  part  of  the  silicon  substrate  under  the 
sensing  area.  The  sensor  with  a  sensing  area  of  400x400  pm^  had  a  responsivity  of  98  V/W, 
a  detectivity  of  1.4x10^  cmHz'^W  ',  an  NEP  of  2.9x10’^  Hz  ut  a  frequency  of  100  Hz 
and  a  time  constant  of  1.3  msec. 

INTRODUCTION 

In  the  last  several  years,  much  attention  has  been  concentrated  on  room-temperature- 
operatable  two-dimensional  and  integrated  infrared  sensors  from  a  view  point  of  their  wide 
applications.  Pyroelectric  infrared  sensors,  which  detect  a  change  of  dipole  moment  when  a 
temperature  at  the  sensing  area  is  changing,  are  more  advantageous  because  of  their  high 
sensitivity.  Conventional  pyroelectric  two-dimensional  array  sensors  previously  reported 
were  hybrid  constructions  consisting  of  a  bulk  material,  such  as  a  zirconate  ceramics  1 1 )  or  a 
LiTaOy  single  crystal  [2],  and  a  silicon  substrate  in  which  read-out  circuits  were  formed. 
Recently,  a  pyroelectric  two-dimensional  array  sensor  using  a  PLTO  thin  film  on  a  MgO 
substrate  connected  with  separate  read-out  circuits  by  bonding  wires  was  reported  |3). 
However,  pyroelectric  thin  films  deposited  on  a  silicon  substrate  have  been  desired.  This  is 
because  the  integration  of  the  pyroelectric  thin  film  with  the  read-out  circuits  can  easily  solve 
the  problems  caused  by  thermal  crosstalk  between  sensor  elements,  connections  between 
detector  arrays  and  read-out  circuits,  and  the  low  sensitivity  of  each  small  sensor  element 
[4,5|. 

A  poly(vinylidene  fluoride;  (PVDF)  thin  film  is  a  very  suitable  material  for  two- 
dimensional  devices  because  of  its  small  thermal  conductivity  and  its  ability  to  be  easily 
patterned  by  photolithographic  technology  |6|.  The  PVDF  shows  ferroelectric  behavior  in  a 
form  I  crystal.  Since  the  form  1  crystal  of  the  PVDF  can  be  obtained  from  a  form  II  crystal  by 
stretching  a  film  and  applying  a  very  high  elecuic  field  |7|,  the  PVDF  sheet  has  been  glued  to 
a  silicon  substrate  to  integrate  the  sensor  with  the  read-out  circuits  |8,9).  On  the  other  hand, 
its  copolymers  such  as  P(VDF-TrFE)  can  be  easily  fabricated  on  a  silicon  substrate  by  the  spin 
coating  technique,  since  they  possess  the  form  I  crystal  under  any  crystallization  condition. 
Nevenheless,  poling  treatments  are  still  needed  in  order  to  have  ad  ■  yiate  dipole  arrangement 
ir  the  copolymers  (101.  Since  unevenness  of  the  pyroelectrit  ii>  oi  breakdown  was  often 
caused  by  the  poling  treatment  because  of  thickness  variation  or  r'  iholes  in  the  film,  it  has 
been  difficult  to  obtain  a  thin  P(VDF-TrFE)  film  having  uniformity  and  a  large  pyroelectric 
coefficient  on  a  silicon  substrate. 

This  paper  presents  a  PVDF  pyroelectric  infrared  sensor  integrated  with  a  read-out 
circuit  onto  a  silicon  chip.  The  features  of  this  sensor  are  as  follows:  (1)  An  electro-spray 
(ESP)  method  [  1 1 J  was  used  to  deposit  the  PVDF  thin  film  on  the  silicon  subsu^te.  (2)  The 
fabrication  technique  was  based  on  silicon  LSI  technology  combined  with  micromachining 
technology  using  a  polysilicon  sacrificial  layer  technique.  The  preparation  of  the  PVDF  thin 
film,  the  fabrication  and  characteristics  of  the  sensor  are  described. 
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substrate;  (e)  motor. 


PREPARATION  OF  PVDF  THIN  FILMS 

The  schematic  structure  of  an  ESP  deposition  apparatus  is  shown  in  Fig.  1 .  A  PVDF 
solution  of  0.2  wi.%  in  an  organic  solvent  such  as  dimethylformamide  (DMF)  is  charged  by 
applying  an  electric  voltage  of  8-15  kV  between  the  needle  and  the  electrode  of  the  substrate. 
The  distance  between  the  needle  and  the  substrate  is  10-25  mm.  The  charged  droplets  of  the 
PVDF  solution  are  transported  from  the  needle  to  the  substrate  by  the  electric  field.  In  order  to 
focus  and  control  the  direction  of  the  droplets  of  the  PVDF  solution,  a  biased  cylindrical 
electrode  enclosing  the  path  of  the  PVDF  solution  is  arranged.  On  the  way  to  the  substrate, 
most  of  the  solvent  is  vaporized  by  dry  nitrogen  which  is  made  to  flow  in  the  opposite 
direction  to  the  droplets.  Subsequently,  polymers  of  the  PVDF  along  with  the  residual  solvent 
are  deposited  on  the  electrode  of  the  substrate.  The  deposition  is  carried  out  under 
atmospheric  pressure  and  around  room  temperature.  For  improvement  in  the  uniformity  of  the 
film,  the  substrate  is  rotated.  The  electrode  of  the  substrate  is  electrically  connected  to  the 
ground  through  the  axis  of  a  motor.  The  ion  current  shunted  to  the  ground  is  monitored 
during  the  deposition. 

Figure  2  shows  an  XPS  spectrum  of  the  PVDF  film  deposited  on  a  silicon  substrate. 
There  were  two  peaks  at  287.9  and  292.0  eV  assigned  to  CH2  and  CFz  respectively,  and  no 
other  peaks  assigned  to  CF  and  CF3  '  vere  observed.  The  height  of  the  two  peaks  were  almost 
same.  These  results  indicate  that  the  PVDF  film  mainly  consists  of  CH2-CF2  structure,  and 
decomposition  hardly  occurs  during  the  ESP  deposition  process.  While,  decomposition  often 
arose  from  the  ionization  and  heating  to  high  temperatures  needed  for  vaporization.  The 
crystal  forms  and  orientations  of  the  PVDF  film  were  identified  by  IR  reflection  absorption 
spjectroscopy  (IRRAS)  method  with  p-  and  s-px)larized  lights  as  shown  in  Fig.  3.  In  this  case 
PVDF  film  was  deposited  on  the  silicon  substrate  on  which  A1  layer  was  formed.  The  bands 
at  470,  510  and  1280  cm  ’  assigned  to  the  form  I  crystal  were  observed,  while  those  at  490, 
530,  610  and  795  cm  '  assigned  to  the  form  11  were  not  observed  1 12).  Figure  3  also  shows 
evident  dichroism  in  the  spiectra;  a  very  intense  band  at  1280  cm  '  in  the  spiectrum  with  p- 
ptolarized  light  decayed  when  s-pxjlarized  light  was  used.  The  band  at  1280  cm  '  is  assigned 
to  CF2  symmetric  stretching  vibration  of  the  form  1  crystal.  From  these  results  the  form  I 
crystal  is  stable  in  the  PVDF  film  deposited  by  the  ES’’  method,  and  the  CF2  dipoles  in  the 
films  are  pieipendicularly  oriented  to  the  substrate.  It  is  considered  that  the  orientation  of  the 
form  I  is  attributed  to  the  applied  field  during  film  depiosition,  and  the  CF2  dipoles  are  aligned 
along  the  applied  field.  The  another  advantage  of  the  ESP  method  is  that  these  characteristics 
were  commonly  found  in  the  cases  using  any  kinds  of  substrate. 

The  pyroelectric  coefficient  X  versus  the  ion  current  during  the  ESP  deposition  is  shown 
in  Fig.  4.  The  ion  current  was  varied  by  changing  the  applied  voltage  and  distance  between 
the  needle  and  the  substrate.  The  pyroelectric  coefficient  increased  with  an  increase  in  the  ion 
current.  For  an  ion  current  above  3  a  large  pyroelectric  coefficient  of  4  nCcm-^K  '  was 
obtained.  The  IR  spjectra  in  Fig.  5  indicate  the  stability  of  the  form  1  crystal  in  a  deposited  film 
after  heat  treatments  at  90-160  °C  for  30  min.  The  form  I  crystals  in  the  PVDF  did  lot  vanish 
up  to  160  “C.  Though  the  heat  treatment  caused  a  reduction  of  the  pyroelectric  coefficient,  the 
reduction  was  within  15  %  after  the  heat  treatment  at  120  °C,  which  is  a  typical  temperature 
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Fig.  2.  XPS  spectrum  of  PVDF  film  prepared 
by  the  ESP  method. 


Fig.  3.  IR  spectra  of  the  PVDF  film  measured 
by  the  IRRAS  method. 


ION  CURRENT  [pA] 

Fig.  4.  Ion  current  dependence  of  the 
pyroelectric  coefficient. 


WAVENUMBERS  [cm-i] 

Fig.  5.  Stability  of  the  form  I  crystal  after  heat 
treatments  at  90- 1 60  °C . 


encountered  in  the  photolithography  process.  Furthermore,  the  PVDF  film  could  be  etched  by 
O2  reactive  ion  etching  (RIE)  without  reducing  the  pyroelectric  coefficient.  From  the  above 
results,  it  was  revealed  that  the  PVDF  film  prepared  by  the  ESP  method  can  be  applied  to  the 
integration  with  the  read-out  circuits  on  a  silicon  substrate. 

STRUCTURE  AND  FABRICATION  OF  THE  SENSOR 

Figure  6  shows  the  schematic  cross-sectional  structure  of  the  sensor.  Figure  7  is  the 
photograph  of  the  fabricated  infrared  sensor  chip  before  forming  an  absorbent.  The  sensor 
element  with  a  sensing  area  of  400x400  um^  and  MOS  FETs  are  integrated  on  a  silicon 
substrate.  In  order  to  reduce  the  thermal  capacitance  of  the  sensor  elements  and  the  thermal 
conduction  from  the  sensor  element  to  the  substrate,  the  sensor  element  has  a  membrane 
structure  supported  by  Si3N4  with  a  thickness  of  150  nm.  This  membrane  structure  was 
formed  by  silicon  anisotropic  etching.  A  number  of  etch  holes  with  a  diameter  of  10  pm  and 
an  interval  of  25  pm  were  made  in  the  membrane.  These  holes  were  needed  to  uniformly  etch 
a  part  of  silicon  substrate  under  the  sensor  area,  as  well  as  to  reduce  the  thermal  capacitance 
and  thermal  conduction  of  the  membrane.  Designing  the  diameter,  D,  and  the  interval,  I,  of 
the  holes  was  required  to  avoid  the  concentration  of  the  stress  around  the  holes  which  often 
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Fig.  6.  Schematic  cross-sectional  structure  of 
the  sensor. 


Fig.  7.  Photograph  of  the  fabricated  infrared 
sensor  chip  (before  forming  an 
absorbent). 


causes  the  membrane  to  break  during  anisotropic  etching.  The  maximum  stress  over  the 
membrane  with  the  holes  was  designed  to  be  much  less  than  the  fracture  strength  of  Si3N4  by 
the  finite  element  method.  A  PVDF  thin  film  was  formed  on  the  A1  lower  electrode  on  the 
membrane  using  the  ESP  method.  The  typical  thickness  of  the  PVDF  was  1-2  um.  The 
upper  electrode,  Au-black,  which  functions  as  an  absorbent  of  infrared-rays,  was  formed  on 
the  top  of  the  sensor  element.  The  Au-black  absorbed  over  90  %  of  infrared-rays  with  the 
wavelength  ranging  from  2  to  20  tun.  The  lower  electrode  was  electrically  connected  to  the 
gate  of  the  MOS  reT,  and  the  upper  electrode  was  connected  to  the  ground.  Note  that  tlie 
thicknesses  of  the  PVDF  and  the  Au-black  are  not  essential  for  the  thermal  isolation  of  the 
sensor  because  of  their  low  Lhermal  conductivities.  Due  to  this  thermal  isolation  structure,  the 
temperature  of  the  sensor  element  is  effectively  changed  by  incident  infrared-rays. 

The  fabrication  process  was  based  on  a  standard  MOS  LSI  nrocess  and  the  polysilicon 
sacrificial  layer  technique  [13,14].  The  key  points  of  the  sensor  process  were  how  to  prevent 
damage  to  the  sensor  element  and  its  read-out  circuits  during  the  deposition  of  the  PVDF. 
First,  the  charged  droplets  of  the  PVDF  solution  with  their  high  kinetic  energy  sometimes 
physically  damaged  to  the  thin  membrane.  This  problem  was  solved  by  optimization  of  the 
ESP  conditions,  e.g.  the  applied  voltage  and  the  distance  between  the  ne^le  and  the  substrate. 
Second,  the  charged  droplets  caused  charging  of  the  surface  of  the  silicon  substrate,  and  it 
often  gave  rise  to  breaking  down  the  gate  oxides  of  the  MOS  FETs.  This  problem  was 
avoided  by  connecting  a  diode-connected  MOS  FET  with  a  threshold  voltage  of  0.5-0.7  V  to 
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Fig.  8.  Frequency  dependence  of  the  voltage  F*g-  9.  Frequency  dependence  of  the 
respon..ivity.  nomialized  detectivity. 


the  gate  electrode.  It  shunts  the  charge  of  the  gate  electrode  to  the  ground  during  the 
deposition.  When  the  sensor  operates,  it  serves  as  an  input  resistor  whose  value  of  resistivity 
can  be  adjustable  by  the  channel  doping.  A  typical  resistivity  value  was  3x10'*’  £J  at  an  output 
voltage  from  the  PVDF  capacitance  ranging  within  ±  1  mV. 

CHARACTERISTICS  OF  THE  SENSOR 

The  fabricated  sensors  were  irradiated  with  chopped  infrared  radiation  from  a  blackbody 
furnace  at  500  K.  The  output  signals  were  impedance-transferred  by  on-chip  MOS  FTTs  and 
measured  by  the  spectrum  analyzer  (HP  Model  .3582A). 

Figure  8  shows  the  frequency  dependences  of  the  voltage  responsivity  Rv.  A  flat  net 
frequency  response  was  obtained  over  wide  range  of  frequencies.  The  frequency 
dependences  of  the  Rv  is  expressed  as  follows; 

Rv  =  1  -Kcotel-lj  1  ■••((OT,)*)]  2 

where  t  is  the  emissivity,  A  is  the  sensing  area,  to  is  the  chopping  frequency.  R  is  the 
electrical  resistivity,  G  is  the  thermal  conductivity,  tc  is  the  electrical  time  constant  and  tt  is  the 
thermal  time  constant.  The  measured  electrical  time  constant  associated  with  nse-times  in  the 
lower  frequency  region  was  180  msec  that  was  comparable  to  the  calculated  value  of  2.30  msec 
from  .sensor  design.  The  thermal  time  constant  associated  with  fall-times  in  the  higher 
frequency  region  was  1.3  msec.  Small  thermal  capacity  of  the  membrane  structure  has 
succeeded  in  the  small  thermal  time  constant.  The  measured  voltage  responsivity  and  noise 
behavior  were  used  to  calculate  the  normalized  detectivity  which  can  be  used  to  compare  the 
performance  with  different  kinds  of  detector.  The  normalized  detectivity  D*  is  defined  as 


D*=^/A^ 

Vn 


where  Vn  is  the  noise  voltage  and  Af  is  the  amplifier  bandwidth.  The  frequency  dependency 
of  D*  is  shown  in  Fig.  9.  The  maximum  value  of  D*  was  placed  at  the  frequency  assextiated 
with  the  thermal  time  constant  becau.se  the  slope  of  the  Rv  in  the  higher  region  was  larger  than 
that  of  Vn.  The  maximum  value  of  D*  was  1.4x10^  cmHz'/^W  '  at  1(X)  Hz.  The 
fundamental  characteristics  of  the  fabricated  integrated  pyroelectric  infrared  sensor  using 
PVDF  thin  film  deposited  by  the  ESP  method  is  summarized  in  Table  I.  The  noise  equivalent 
power  NEP  was  defined  as 


NEP= 


Vn 

Rv*(Af  . 
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Table  I:  Characteristics  of  the  PVDF  infrared  sensor. 


Sensing  Area 
PVDF  Thickness  (tim) 

Pyroelectric  Coefficient  (nCcm'^K  ' ) 
Responsivity  (V/W) 

Detectivity  (cmHz'^W  ') 

NEP  (Hz  >«W) 

Thermal  Time  Constant  (msec) _ 


4(K)x4()0 

2 

2-4 

98  (l(X)Hz) 

1.4  X  10’  (50().1(M),1) 
2.9  X  10“'  (50(),1(X),1| 
1.3 


SUMMARY 

The  results  of  this  study  are  summarized  as  follows:  (1)  A  PVDF  thin  film  has  been 
deposited  on  a  silicon  substrate  by  an  ESP  method.  The  PVDF  thin  film  had  a  large 
pyroelectric  coefficient  without  a  poling  treatment.  The  pyroelectric  coefficient  increased  with 
an  increase  in  the  ion  current  monitored  during  the  deposition.  For  ion  currents  above  3  pA,  a 
large  pyroelectric  coefficient  of  4  nCcm  ’K  '  was  obtained.  (2)  A  pyroelectric  infrared  sensor 
using  a  PVDF  thin  film  has  been  integrated  with  a  read-out  circuit  on  a  silicon  substrate.  The 
PVDF  thin  film  was  supported  on  a  thin  SisNa  membrane  structure  formed  by  etching  a  part 
of  the  silicon  substrate  under  the  sensing  area.  The  sensor  with  a  sensing  area  of  4(X)x400 
pm’  had  a  responsivity  of  98  V/NV,  a  detectivity  of  1.4x10’  cmHzV’W  an  NEP  of  2.9x10 
Hz- V’W  at  a  frequency  of  1(X)  Hz  and  a  time  constant  of  1 .3  msec. 

The  features  of  the  sensor  including  the  structure  and  the  fabrication  technique  offer 
considerable  advantages  in  the  performance,  productivity  and  realization  of  an  one-chip  two- 
dimensional  infrared  sensor. 
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ABSTRACT 

Photo- induced  changes  in  the  hysteresis  behavior  of  sol-^d  derived 
Pb(Zr,TL)03  (PZT)  ar.d  (  Pb  ,  La )  (Zr ,  Ti  )03  (PL2T>  films  have  been  charac  ter  i  d 
The  film  photosensitivity  has  been  evaluated  with  respect  to  the  magnitude 
of  the  effects,  the  time  response  and  the  spectral  dependence.  Photo • i nduci' : 
hysteresis  changes  exhibit  a  st re c ched - exponent ia 1  time  dependcrice,  which 
implies  a  dispersive  mechanism.  The  spectral  dependence  is  stronglv  peaked 
at  the  band  edge  (-3.4  eV)  ,  which  indicates  that  generation  of  fleet  rui;  Lf.K 
pairs  in  the  material  is  critical.  The  photo  -  induced  hystvi'tsis  ch.uic.fs  -‘it 
reproducible  and  stable,  which  indicates  that  the  controlling  clu<i'gf  trapv 
are  stable,  However,  improvements  in  film  photosensitivity  will  be  piiifd. 
to  develop  these  materials  for  optical  memory  applications. 


INTRODUCTION 

There  is  an  increasing  demand  today  for  devices  capable  of  storing  ar.d 
processing  large  quantities  of  optical  information,  including  random-access 
optical  memories,  image  comparators,  and  spatial  light  modulators 
Ferroelectric  thin  films,  especially  those  based  on  PLZT  solid  soluti(»ns. 
exhibit  photoferroelectric  and  clectrooptic  responses  that  make  them  gotjd 
candidate  materials  for  many  opt  ical  -  inf  ormat  ior.  storage,  display  ajul 
processing  applications  [1-5].  To  store  opt ical ly- generated  information, 
light  is  used,  in  possible  combination  with  an  applied  bias,  to  locally 
change  the  polarization  state  of  the  film.  For  optical  rt'adout  .  the 
polarization-dependent  birefringence  can  be  used  to  modulate  the  reflccttui 
(or  transmitted)  light  intensity. 

There  have  been  many  studies  of  electrooptic  responses  in  PZT  and  PLZT 
films,  which  show  that  thin- film  electrooptic  properties  are  comparable  to 
PLZT  ceramics  of  similar  compositions.  Furthermore,  cfio  size  of  tl\e 
eleccroopCic  effects  in  films  should  be  sufficient  for  opticvil  re.-jdout  witii 
good  signal  -  to  ■  no  Ise  ,  especially  if  enhanced  by  using  suitable  c.‘C.-jlon 
techniques  [6],  In  addition,  photo*  induced  effects  for  optical  snuuge  iiavi 
beer,  extensively  studied  in  PLZT  ceramics  [7-10] ;  however,  relatively  little 
has  been  reported  about  comparable  effects  in  ferroelectric  films  [  1 1  -  U’;  . 
Consequently,  photo  -  induced  responses  in  PZT  and  PLZT  films  have  been 
studied  with  an  emphasis  on  opt ical - inforinat ion  storage  applications. 

In  this  paper,  photo  -  induced  changes  in  the  hysteresis  behavior  of  snl- 
gel  derived  PZT  and  PLZT  films  are  reported  for  various  compositions, 
substrate  types,  and  electrode  materials.  The  various  types  of  photo- induced 
effects  and  their  magnitudes  are  discussed.  An  initial  evaluation  of  the 
photosensitivity  with  re.spect  to  the  time  response  and  the  spectral 
dependence  is  also  presented.  Since  the  photo- induced  respon.ses  are 
intimately  related  to  charge  trapping,  electron  paramagnetic  resonance  (EPH) 
has  been  used  to  examine  photo- induced  charge  tiaps.  All  of  these  studies 
provide  important  information  about  the  photoferroelectric  mechanisms  in 
PLZT  films  and  give  a  starting  point  for  considering  device  performance. 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  310.  1993  Materials  Research  Society 


PZT  and  PLZT  films  were  fabricated  by  spin  coating  using  a  metal 
alkoxide  solution;  the  precursors  were  lead  (IV)  acetate,  lanthanum  acetate, 
zirconium  butoxide  butanol,  and  titanium  isoproxide.  A  comprehensive 
description  of  the  procedure  has  been  previously  published  (13,14] .  The 
desired  film  thickness  was  achieved  by  depositing  multiple  layers.  After 
each  layer  was  deposited,  a  300“C  bake  was  used  to  drive  off  volatile 
organics.  Both  oxidized  silicon  wafers  and  MgO  single  crystals  were  used  as 
substrates.  The  base  electrode  was  either  Pt  or  RuO^  (x<2),  which  gave  four 
different  substrate  types:  Pc/Ti/SiO^/Si ,  Ru0x/Ti/Si02/Si ,  Pt/MgO,  and 
RuOx/Tl/MgO;  the  Ti  layer  was  to  promote  adhesion.  For  the  Pt/MgO  samples, 
the  Pt  was  deposited  at  approximately  600*C  to  achieve  a  high  degree  of 
[100]  orientation.  The  films  on  Si  subtrates  were  fired  at  650“C  for  about 
30  min.  The  films  on  MgO  substrates  were  processed  using  rapid  thermal 
annealing  to  650“C;  a  highly-oriented  (001]  PZT  film  was  obtained  with  the 
oriented  Pt  electrode.  Both  procedures  yielded  films  chat  were  essentially 
single-phase  perovskice  and  had  columnar  microstructures  with  a  lateral 
grain  size  of  100-150  nm.  Films  in  excess  of  500  nm  thick  were  prepared  by 
firing  after  every  4  layers  to  avoid  cracking  during  densif icacion. 

Top  electrodes  (1-3  mm  diameter)  were  sputter  deposited  to  establish  a 
parallel-plate  capacitor  geometry.  To  allow  investigation  of  photo  -  induced 
effects,  optlcally-transparent  indiuiu  tin  oxide  (ITO)  or  thin,  semi¬ 
transparent  metal  films  were  used  for  the  top  electrodes.  A  10  nm  thick  Pt 
film  was  typically  used  for  the  top  electrode,  since  Pt  gave  the  most 
reproducible  electrical  properties;  however,  thin  Au  (10  nm) ,  RuOx  (20  nm) , 
and  ITO  (150  nm)  electrodes  were  also  used  for  comparison. 

Hysteresis  loops  for  the  films  w<2re  measured  using  the  Radiant 
Technologies  RT-66A  tester.  A  200  W  Oriel  Hg  arc  lamp  in  combination  with 
narrow  band  Interference  filters  was  used  to  generate  light  at  336,  365, 

404,  and  436  nm.  An  argon  ion  laser  was  used  to  produce  457  nm  illumination. 
The  illumination  intensity  was  adjusted  using  neutral  density  filters.  An 
Ealing  optical  shutter,  which  also  triggered  a  voltage  supply,  was  used  to 
control  the  exposure  time.  The  EPR  measurements  were  made  on  an  X-band 
Bruker  ESP-300E  spectrometer  at  25K.  An  optical-access  microwave  cavity  was 
used  for  in-situ  illumination  experiments.  Accurate  g  factors  were 
determined  by  a  frequency  counter  and  an  NMR  Gaussmeter. 


RESULTS 

PHOTO- INDUCED  EFFECTS 

There  are  two  primary  phenomena  exhibited  by  PZT  and  PLZT  films  chat  can 
be  used  to  store  optically-generated  information.  The  first  type  of  photo- 
induced  effect  common  to  all  PZT  and  PLZT  films  studied  is  illustrated  in 
Fig.  1.  The  sample  for  Fig.  1  is  an  810  thick  Pb(Zro. 531x0.47)03  (PZT  53/47) 
film  on  Pt/Ti/Si02/Si .  To  examine  the  effect  of  illumination,  the  elecCroded 
region  is  initially  poled  to  negative  reroanence,  -Pj-,  where  the  bottom 
electrode  is  at  ground  with  respect  to  the  top  electrode.  The  capacitor  is 
then  illuminated  with  band-gap  light  (365  nm)  through  a  semi-transparent  (12 
nm  thick)  PC  top  electrode  and  biased  at  +2.5  V,  which  is  near  the  switching 
threshold.  After  a  10  sec  exposure  with  bias,  the  hysteresis  response  (solid 
line)  has  been  altered  to  exhibit  both  a  clear  suppression  in  the  switchable 
polarization  and  a  noticeable  change  in  the  coercive  voltage,  .  The  solid 
curve,  which  is  the  new  steady-state  response,  is  obtained  following  several 
post- illumination  hysteresis  cycles.  This  procedure  is  used  because  some 
recovery  of  the  dynamic  polarization  range,  APs,  occurs  during  the  first  few 
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cycles.  The  change  in  remanent  polarization  from  the  unilluioinated  to  the 
illuminated  response,  which  is  most  apparent  for  this  sample  at  -Pr.  can  be 
the  basis  of  an  optical  storage  device.  The  reduction  in  the  value  of  APg 
can  be  regarded  as  a  photo- induced  analog  of  fatigue.  A  photo- induced 
fatigue  effect  similar  to  that  seen  in  the  thin-film  samples  is  also 
observed  when  storing  optical  images  in  bulk-ceramic  samples  of  PL2T  [9,15]. 
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Figure  1.  Photo- induced 
suppression  of  AP  by  partial 
switching.  PZT  53/47  (filO  nm) 

film  on  Pc/Ti/Si02/Si .  _ 

initial  response.  _  loop 

after  optical  writing. 

V  ”  +2.5  V,  t  -  10  sec. 

X  -  365  nm.  1-25  rnU/cm^ . 


The  compressed  loops  have  been  positioned  on  the  polarization  axis  to 
reflect  a  symmetric  suppression  of  the  switchable  polarization  about  P*0.  A 
fairly  symmetric  reduction  of  APg  has  been  demonstrated  using  an 
electrooptic  technique  to  determine  the  absolute  polarization  (15).  The 
position  of  the  compressed  thin-film  loops  contrasts  the  behavior  observed 
in  PLZT  bulk  ceramics,  where  the  photo- induced  reduction  in  AP  is  very 
asymmetric  (9,15].  The  amount  by  which  APg  and  APf  are  suppressed  is  a 
sensitive  function  of  bias  voltage  and  is  maximized  by  partially  switching 
the  material  with  a  bias  just  below  Vq.  The  initial  hysteresis  response  can 
be  restored  by  illuminating  the  sample  with  a  saturating  bias  of  the 
opposite  sign  (-Vg).  Some  recovery  of  AP^  (APf)  also  occurs  due  to 
illumination  at  +Vs,  but  the  restoration  is  typically  incomplete. 

The  other  phenomenon  exhibited  by  all  films  is  a  photo- induced  shift  of 
the  hysteresis  loop  along  the  voltage  axis,  as  illustrated  in  Fig.  2.  The 
sample  in  this  case  is  a  PLZT  6/20/80  (6  at  %  La)  on  Pt/Ti/Si02/Si .  The  two 
curves  for  +Vs  and  -Vg  were  obtained  after  biasing  the  sample  at  +15V  and 
-15V,  respectively,  with  concurrent  band-gap  illumination.  This  translation 
of  the  hysteresis  loop  implies  that  a  photo- induced,  space-charge  field  has 
been  ititroduced  into  the  film.  The  two  states  produced  with  the  saturating 
voltages  are  stable  and  reproducible  end-point  states.  A  pure  voltage  shift, 
without  optical  fatigue,  is  observed  for  biases  that  cause  complete 
switching  in  contrast  to  the  behavior  seen  in  Fig.  1,  which  is  observed  for 
biases  that  lead  only  to  partial  switching.  The  magnitude  of  the  maximum 
shift  In  coercive  voltage,  AV^,  was  measured  for  a  variety  of  film 
thicknesses,  compositions,  electrode  materials,  and  substrate  type.  It  was 
found  that  the  value  of  AVq  increased  with  increasing  thickness  and  that  for 
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Figure  2.  Photo- induced 
voltage  shift  indicating 
the  presence  of  a  space- 
charge  field.  PLZT 
6/20/80  film  (1.06  ^ni) 
on  Pt/Ti/Si02/Si . 

....  -Vs  (-15  V; . 

_ _  +Vs  (  +  15  V) . 

X  =  365  nni,  1  =  25 
mW/cm2 ,  20  sec. 


a  given  thickness  range,  its  value  did  not  depend  strongly  on  film 
composition,  electrode  material,  or  substrate  type. 

Films  with  relati  ’ely  square  hysteresis  loops  were  used  to  examine  the 
dependence  of  the  phot o- induced  voltage  shift  on  the  polarization  state,  as 
illustrated  in  Fig.  3.  This  sample  is  a  A20  nm  thick  PZT  40/60  film  on 
Pt/MgO.  A  fairly  square  hysteresis  loop  is  obtained  since  the  film  is  both 
highly  oriented  and  cottpresslvely  stressed,  due  to  the  thermal  expansion 
mismatch  with  the  substrate  (16.17).  The  loops  associated  with  +hp  rwo 
saturating  bias  states  (♦’Vg,  -Vg)  are  shown.  In  addition,  Fig.  3  shows  the 
loop  obtained  after  a  sample  which  displayed  the  -Vg  behavior  was  switched 
to  +Pj.  and  then  illuminated  at  zero  bias.  The  hysteresis  loop  obtained  this 
way  is  almost  identical  to  that  obtained  with  a  positive  saturating  bias  and 
light.  This  result  shows  that  the  voltage  shift  is  a  direct  consequence  of 
the  polarization  state  of  the  material  rather  than  being  a  direct  function 


Figure  3.  Photo- induced 
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of  the  applied  bias.  This  conclusion  is  consistent  with  the  observation  that 
Che  value  of  AVj.  does  not  increase  with  increasing  bias  as  long  as  the  bias 
is  sufficient  to  cause  complete  switching. 

KINETIC  RESPONSE 

Evaluating  the  time  dependence  of  the  photo- induced  effects  yields 
mechanistic  information  and  is  critical  when  considering  possible  device 
performance.  The  kinetic  response  of  the  voltage-shift  effect  previously 
described  (Figs.  2  &  3)  was  determined  by  measuring  the  change  in  coercive 
voltage  obtained  when  switching  from  one  end-point  state  to  the  other  as  a 
function  of  exposure  time.  Figure  4  illustrates  a  typical  result,  which  was 
obtained  for  a  780  nm  thick  P2T  40/60  film  on  oriented  Pc/MgO.  For  each 
measurement,  the  sample  capacitor  was  first  switched  to  the  negative  end¬ 
point  state  using  365  nm  light  and  a  bias  of  -9V  applied  for  30  sec.  Several 
hvstp»'*»ei  s  loops  were  chen  run  uo  ^llow  lot  sotue  re^ccry  ana  to  make  sure 
that  the  initial  response  was  always  the  same.  The  365  nm  light  and  a  bias 
of  +9V  were  then  applied  concurrently  for  different  periods  of  time. 

Finally,  several  hysteresis  loops  were  run  to  determine  AV^ . 


Figure  4.  Voltage  shift 
as  a  function  of 
exposure  time  for  a  PZT 
(40/60)  film  (780  nm) 
on  Pt/MgO.  A  -  365  nm, 
1-25  mU/cm2.  The  lines 
are  fits  to  the 
stretched  exponential 
function  (Eq .  1) . 
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In  general,  the  voltage-shift  kinetics  follow  a  stretched-exponential 
function  of  the  form, 


AV(.(t)  -  AVc^at;  (l-exp-(t/r)^]  .  (1) 

The  stretched-exponential  dependence  is  indicative  of  a  dispersive 
mechanism.  Both  the  stretching  parameter,  and  the  relaxation  time,  t, 
vary  somewhat  for  different  samples;  r  is  also  a  function  of  temperature, 
illumination  wavelength,  and  light  intensity.  For  the  conditions  used  in 
Fig.  4  (T  -  21®C,  \  -  365  nm,  and  J  -  25  mW/cm^),  the  stretching  parameter 
had  a  value  of  )9  -  0.53  and  a  relaxation  time  of  r  -  0.9  sec.  The  relaxation 
time  decreased  to  r  -  0.3  sec  by  increasing  the  temperature  to  80*C.  The 
relaxation  time  also  exhibited  a  sublinear  dependence  on  the  light  intensity 
over  the  range  of  5-2.'^  mW/cm^.  The  complete  time  dependence  for  the  optical- 
fatigue  effect  was  not  characterized;  however,  a  relaxation  time  of  -  1  sec 
is  consistent  with  observations . 


SPECTRAL  RESPONSE 

Another  critical  aspect  of  the  photosensitivity  is  the  spectral 
dependence.  The  spectral  dependence  of  the  voltage-shift  effect  has  been 
evaluated  by  measuring  the  value  of  AV^  obtained  during  a  1  sec  exposure 
with  bias  using  a  fixed  light  intensity.  Figure  5  shows  a  typical  result 
obtained  with  the  780  nm  thick  PZT  40/60  film;  the  writing  bias  was  +9V  and 
the  intensity  was  25  mW/cm^ .  The  maximum  coercive  voltage  shift,  AVc(max)  = 
1.42  V,  is  obtainable  for  all  five  wavelengths  given  enough  time.  Therefore, 
the  peak  response  at  365  nm  is  equivalent  to  a  minimum  in  the  relaxation 
time.  The  main  point  is  that  the  intrinsic  photosensitivity  decreases 
dramatically  as  a  function  of  energy  below  the  band  edge  (-3.4  eV). 


Figure  5.  Voltage  shift 
as  a  function  of 
illumination  energy  for 
a  1  sec  exposure. 

I  -  25  mW/ciii2,  Vs  -  9V. 


AVc(mQx)=1 .42V 


+9V,  1.0  sec 

1=25  mW/cm^ 

_J _ I _ I _ I _ i . 
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DISCUSSION 


The  photo- induced  changes  in  hysteresis  can  be  qualitatively  accounted 
for  by  considering  the  interaction  between  internal  fields  due  to  the 
polarization  charge  and  photo-generated  carriers.  Initially,  the  situation 
chat  occurs  due  to  a  saturating  bias  will  be  considered.  A  reasonable  domain 
configuration  for  an  unoriented,  columnar  film  that  has  been  completely 
switched  is  schematically  depicted  in  Fig.  6.  The  arrow  head  represents  the 
positive  terminating  end  of  the  spontaneous  dipole.  The  internal  charge 
separation  gives  rise  to  a  strong  depolarizing  field.  Charge  redistribution 
in  the  external  circuit  acts  to  compensate  the  polarization  charge  and, 
thus,  reduce  the  depolarizing  field.  However,  this  charge  compensation  is 
typically  incomplete.  Illuminating  the  ferroelectric  with  band-gap  light 
generates  electron-hole  pairs.  The  internal  depolarizing  field  acts  as  a 
bias  to  redistribute  the  photo-generated  carriers  (+,-),  as  illustrated. 
Significant  charge  redistribution  is  evidenced  by  the  appearance  of  a 
transient  photocurrent  upon  illumination.  Trapping  of  this  charge  stabilizes 
the  present  domain  configuration  over  the  oppositely  oriented  one,  which  is 
equivalent  to  introducing  a  space-charge  field,  as  shown.  This  space-charge 
field  leads  to  the  observed  voltage  shift  of  the  hysteresis  loop. 


Since  the  principal  polarization  discontinuity  occurs  at  the  top  and 
bottom  electrode  interfaces,  the  internal  compensating  charge  will  be 
trapped  near  these  interfaces.  By  assuming  that  essentially  all  the  trapped 
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Figure  6.  Schematic  diagram  showing  the  dipole  orientation  due  to  a 
saturating  bias  and  the  internal  compensating  charge. 

charge  is  at  or  near  the  interfaces,  CMq  is  approximately  given  by, 

-  tQ+(botcom)  +  Q.(cop)l  *  xl/ccq  ,  (2) 

where  Q  is  the  charge/unit  area  and  t  is  the  film  thickness.  For  ::omparable 
films,  the  value  of  AVc  is  expected  to  increase  linearly  with  thickness, 
which  has  been  experimentally  observed  [15].  Equation  2  can  then  be  used  to 
calculate  the  effective  charge/unit  area.  For  the  780  nm  thick  PZT  40/60 
sample  on  MgO,  -  1.42  V  and  c  =*  1000.  Assuming  Q+  *  Q.  ,  then  the 
effective  density  of  trapped  charge  near  each  interface  is  roughly 
5xl0^2/cin2,  which  is  1  ess  than  0.1%  of  the  available  sites.  However,  it 
should  also  be  noted  that  even  though  Eq.  2  assumes  crapping  of  both 
electrons  and  holes,  the  phenomenon  observed  can  be  sufficitncly  explained 
by  trapping  of  primarily  one  charged  species. 

The  photo- induced  fatigue  of  Fig.  I  can  be  accounted  for  by  considering 
the  situation  chat  occurs  due  to  partial  switching  at  intermediate  biases. 
Figure  7  depicts  a  possible  domain  configuration  for  a  sample  with  a 
macroscopic  remanent  polarization  of  roughly  zero.  Photo-generated  charge 
accumulates  at  domain  boundaries  with  a  large  polarization  discontinuity. 
This  trapped  charge  inhibits  these  domains  from  reorienting.  By  "locking" 
the  orientation  of  certain  domains,  the  switchable  polarization  is  reduced, 


Locked  Domains 


Figure  7.  Schematic  diagram  showing  a  possible  domain  configuration  for 
P  “  0  and  the  trapped,  compensating  charge  at  domain  boundaries. 
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In  addition,  illumination  may  allow  domain  configurations  to  be  established 
which  would  ordinarily  be  unachieveable .  For  example,  the  head-to-head 
domain  orientation,  which  mr.y  be  possible  in  thicker  films,  would  normally 
be  energetically  unfavorable.  However,  this  configuration  would  be 
stabilized  by  trapped  electrons,  as  shown. 

Restoration  of  the  suppressed  loop  requires  near-band-gap  illumination 
to  generate  new  carriers,  which  can  recombine  with  the  trapped  charge,  and 
an  applied  bias  to  reorient  the  previously  locked  domains.  An  alternative 
approach  would  have  been  to  use  sub-band-gap  illumination  to  photo-excice 
the  trapped  charge  out  of  the  trapping  centers.  Since  this  approach  has  not 
worked,  the  gap  states  created  by  the  trapped  charge  evidently  have  no 
optical  cross-section.  This  observation  is  also  consistent  with  the 
previously  discussed  drop  in  efficiency  for  the  photo- induced  effects  at 
wavelengths  much  below  the  band  edge. 

A  photo- induced  improvement  in  the  initial  hysteresis  response  of  films 
has  also  been  commonly  observed.  Our  most  dramatic  example  of  this  behavior, 
which  was  obtained  on  the  previously  described  780  nm  thick  PZT  40/60  on 
Pc/MgO,  is  illustrated  in  Fig.  8.  The  Iniclal  hysteresis  loop  of  a  typical 
capacitor  exhibited  low  values  for  Pf  and  Pg  compared  to  the  anticipated 
response  for  a  highly-oriented,  compressed  film.  Improvement  to  the  light- 
enhanced  loop  was  achieved  with  band-gap  light  and  a  bias  of  -8  V  for  20 
sec.  The  obs< rvacion  of  a  photo- induced  improvement  in  hysteresis  suggests 
the  presence  of  processing- induced  trapped  charge  in  films.  The  presence  of 
a  large  amount  of  trapped  charge  in  this  PZT  40/60  sample  was  not 
unreasonable  since  it  was  fabricated  by  rapid  thermal  annealing  using  quartz 
lamps.  In  addition,  this  sample,  which  was  annealed  twice,  displayed  a  much 
bigger  improvement  in  the  hysteresis  than  a  similar,  but  thinner  sample, 
which  required  only  one  anneal.  This  difference  may  be  due  to  the  internal 
interface  formed  by  the  initial  firing  of  the  thicker  film,  which  could 
provide  an  excellent  location  for  charge  trapping. 


Figure  8.  Light-enhanced 
improvement  of  the  initial 
hysteresis  behvior  of  a  PZT 
40/60  film  on  Pt/MgO. 

X  -  365  nm,  1-25  mW/cm^ , 

V  -  -8  V,  20  sec. 


I 


95 


The  time  response  may  be  concrolled  by  the  carrier  mobility  or  the 
charge-trapping  kinetics.  If  charge  migration  is  rate  limiting,  the 
stretched  exponential  behavior  indicates  a  dispersive  transport  mechanism. 
The  hole  mobility  is  anticipated  to  be  relatively  low  due  to  an  abundance  of 
shallow  hole  traps  [18,19].  Alternatively,  the  trapping  kinetics  of  one  or 
both  carrier  types  into  the  deeper,  more  stable  Craps  may  be  rate  limiting 
for  optical  storage.  In  either  case,  the  scretched-exponential  kinetics 
implies  a  distribution  oi  ..rapping  energies. 


The  nature  of  the  charge  traps  have  been  investigated  because  of  the 
critical  role  they  play  in  the  photo- induced  effects  for  optical  storage. 

EPR  measurements  have  been  done  on  hot-pressed,  ceramic  samples  of  PLZT 
7/65/35  [20]  and  on  sol-gel  derived  powders  of  various  compositions  [21J. 
With  band-gap  illumination,  two-types  of  charged  defects  are  produced.  These 
defects  have  been  identified  as  Pb'*'^  and  Ti  +  3  [20],  as  illustrated  in  Fig. 
9b,  which  is  the  EPR  spectrum  for  a  UV- illuminated  PZT  7/65/35  ceramic 
plate.  The  Pb'*’^  center  is  a  hole  trapped  at  a  Pb+2  site;  thii>  trapping 
center  is  shallow  and  hence  metastable  at  room  temperature  (19).  The  Ti^3 
center  is  an  electron  crapped  at  a  Ti'*’^  site.  Although  the  Ti’’’^  center  is 
not  observed  for  all  samples,  the  Pb'*’-^  center  is  found  for  all  compositions. 
It  is  interesting  to  note  that  the  creation  kinetics  of  these  EPR  ceriLcis 
also  follows  a  scretched-exponential  function,  with  a  stretching  parameter 
(0)  similar  to  that  obtained  for  the  voltage-shift  kinetics.  This  similarity 
may  suggest  that  both  phenomenon  are  controlled  by  a  common  process,  such  as 
dispersive  carrier  transport. 

However,  there  is  no  obvious  relationship  between  these  craps  centers 
and  ':he  optical  storage  effects.  Both  the  Pb+3  and  the  Ti+3  centers  are 
eas  i.y  photo-bleached  for  a  range  of  sub-band-gap  wavelengths,  as  shown  in 
7c  for  a  light  energy  of  2.3  eV.  However,  photobleaching  of  these 
defect  centers  does  not  effect  the  hysteresis  loops.  Consequently,  these 


Figure  9.  EPR  spectra  for  a  PLZT  7/65/35  transparent  ceramic  sample.  The 
optically  written  state  corresponds  to  illumination  with  365  nm  light. 
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craps  can  not  be  the  stable  ones  which  control  the  photo- ii\duced  hysteresis 
changes,  which  makes  sense  since  they  ate  shallow  traps.  The  lack  of  any 
ocher  paramagnetic  centers  suggest  that  charges  may  be  trapped  as  pairs. 

This  situation  occurs  in  systems  where  the  pair  crapping  is  stabilized  by  a 
lattice  relaxation  [22-24].  t/hile  it  is  possible  to  speculate  about  the  roh- 
of  various  deep  defect  centers,  such  as  lead  vacancies,  the  critical 
trapping  sites  for  optical  storage  effects  have  not  been  identified.  It  is 
also  important  to  emphasize  chat  the  behavior  of  defects  in  bulk  and  powder 
samples  is  expected  to  be  the  same  as  for  thin  films. 

CONSIDERATIONS  FOR  OPTICAL  STORAGE  DEVICES 

The  primary  requirement  for  an  optical  memory  or  opticallv-addressable 
device,  such  as  an  SLM,  is  chat  light  can  be  used  to  produce  a  discernable 
change  in  the  state  of  the  material.  Both  types  of  photo- induced  hysteresis 
changes  observed  in  PL2T  films  are  large  and  reproducible  enough  to  provide 
the  basis  for  an  optical  memory  technology.  A  simple  operational  scheme  for 
a  digital  optical  memory  is  illustrated  in  Fig.  10.  Initially  Che  entire 
sample  is  reset  to  the  positive  curve  (f)  by  switching  to  +Pi-  and 
illuminating.  The  film  is  Chen  electrically  switched  to  -Pj-  with  no  light. 
Individual  bits  are  switched  to  the  negative  curve  (*)  by  illuminating  them 
one  at  a  time;  this  procedure  allows  the  bits  to  be  completely  defned  by 
the  optical  addressing  process.  However,  both  the  illuminated  and 
unillumlnated  bits  are  still  at  -Pf.  To  read  the  scored  information,  a  bias 
is  applied  that  partially  switches  the  (+)  bits  while  leaving  the  \~)  bits 
at  'Pp.  In  this  case,  a  pulse  of  3.7  V  switches  the  {  +  )  bits  to  Pj-  =■  0.  Thi.s 
step  illustrates  the  advantage  of  having  a  material  with  a  sharp  switching 
threshold.  A  longer  wavelength  laser  with  polarizing  optics  can  be  used  to 
differentiate  these  two  states  based  on  the  electrooptic  response  of  the 
material.  Since  these  films  exhibit  an  eleccrooptic  response  which  is 
roughly  quadratic  with  respect  to  polarization  (F  a  P^)  (6).  the  two 


Figure  10.  Photo • induced 
hysteresis  response  for 
operation  of  an  optical 
memory.  The  arrow 
corresponds  to  3.7  V, 
which  switches  the  (+) 
state  bits  to  Pj-  =  0. 


-10  -5  0  5  10 

V  (Volts) 

desireable  end-point  states  are  Pj-  -  |Pj.(roax)j  and  Pj-  -  0.  Selective  erasure 
can  be  accomplished  by  electrically  switching  the  film  to  +Pr  and 
illuminating  the  bits  to  be  reset,  which  puts  them  back  on  Che  (+)  curve. 

While  a  few  different  operational  mechanisms  could  be  implemented  to 
make  a  working  optical  memory  using  PZT  or  PLZT  films,  a  number  of  issues 


97 


need  to  be  addressed  to  produce  a  competitive  technologv.  To  coinpete  wiiK 
existing  hard  disk  technologies,  the  time  response  for  writing  information 
needs  to  be  improved  by  roughly  two  orders  of  magnitude.  ConsequerU  I y .  it  is 
critical  to  determine  the  rate  - 1  imi  ting  process  and  to  develop  strcstegies 
for  modifying  the  response  time  An  opt  ical -memory  medium  should  also 
compatible  with  solid-state  lasers  (A  -  700*800  rim).  Significant 
improvements  in  the  photosensitivity  at  longer  wavelenghts  can  be 
anticipated  based  on  the  improvements  achieved  in  PLZT  ceramics  bv  inn 
implantation  [25]  .  For  high-density  optical  memories,  the  rainimujn  bit 
needs  to  be  evaluated.  The  bit  resolution  may  depend  on  both  the  grain  sit'c 
and  the  lateral  spreading  of  photo- induced  carriers.  Finally,  the  issues 
common  to  ferroelectric  nonvolatile  memories,  such  as  long-term  retention, 
fatigue,  and  polarization-state  imprinting,  need  to  be  considered  in 
relation  to  an  opt i cal ly -addressed,  optically  read  memory 


CONCLUSIONS 

Two  different  photo- induced  changes  in  hysteresis  behavior  have  been 
characterized  in  PZT  and  PLZT  films.  The  observed  effects  are  controlled  bv 
the  trapping  of  charge  at  the  near  surface  region  or  at  internal  domain 
boundaries.  Charge  is  trapped  in  very  stable  centers,  which  display  no 
paramagnetic  signature  and,  thus,  have  not  yet  been  identified.  A  photo- 
induced  improvement  in  initial  hysteresis  behavior  also  demonstrates  the 
presence  of  process ing- induced  space  charge.  The  photo- induced  voltage  shil: 
exhibits  a  stretchcd-exponcntial  time  dependence,  which  implies  a  dispersive 
mechanism.  The  relaxation  times  improve  with  increasing  intensity  and 
increasing  temperature,  but  remain  fairly  long  (r  >0.1  sec). 

Both  of  the  oH«;erved  photo- induced  hysteresis  changes  could  be  used  lo 
devise  a  working  optical  memory;  however,  there  are  many  issues  that  ticed  to 
be  resolved  to  develop  a  competitive  technology.  First,  the  photosensitivity 
needs  to  be  significantly  improved  with  respect  to  both  the  time  and 
spectral  dependence.  Improvements  in  the  intrinsic  photosensitivity  of  films 
can  be  anticipated  from  chemical  doping  or  ion  implantation.  Confirming 
these  anticipated  improvements  will  be  critical  to  the  development  of 
ferroelectric  film  optical  memories.  Second,  the  minimum  bit  size  needs  to 
be  evaluated  as  compared  to  the  diffraction  limit.  Third,  issues  common  to 
ferroelectric  memories,  such  as  long-term  retention,  fatigue,  and 
polarization-state  imprinting,  need  to  be  considered  in  relation  to  an 
optically -addressed,  optical ly- read  memory . 
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KEITH  L  LEWIS  AND  KATHLEEN  F  DEXTER 

Defence  Research  Agency.  St  Amlrews  Rouil,  Malsern.  Worts  WRI4  IPS.  LK 
ABSTRACT 

A  study  is  reported  of  field-induced  effects  in  ferroelectric  materials  using  optical 
interferometry  One  of  the  tcchniijues  used  is  based  on  the  use  of  a  WYKO  TOPOI  system 
and  provides  a  three  dimensional  representation  of  field-induced  displacement  Ihe 
infonnatton  provided  is  supplemented  by  optical  transmission  measurements  on  thin  sections 
of  material  fabricated  to  allow  interference  fringing  to  be  seen.  Initial  wort  has  centred  on  the 
characterisatton  of  ceramic  Pl.ZT  material  Both  transverse  and  longitudinal  electrode 
configurations  have  been  studied  and  have  highlighted  the  magnitude  of  the  effects  possible 
and  the  importance  of  electrostrictive  processes  in  detenmning  the  direction  of  deformation 
I'hese  can  result  in  anomalously  high  strain  gradients  over  distances  of  the  order  of  .SI)-  lIHipm 
This  behaviour  is  compared  with  that  found  for  prelim. nary  samples  of  thin  film  ferroelectric 
materials. 

1  INTRDUICTION 

Significant  interest  is  currently  being  shown  in  the  exploitation  of  ferroelectric  materials 
for  a  w  ide  variety  of  applications,  including  inicroactotiators.  microsensors.  miniature  valves, 
micromotors,  dynamic  memory  devices,  optical  modulators  etc.  The  perfonnance  levels 
achievable  are  controlled  by  fundamental  electro-elastic  and  electiostrictive  processes,  and 
ultimately  by  the  properties  of  microscopic  polar  domains  in  the  material.  Thin  film 
ferroelectric  materials  also  exhibit  effects  that  are  significantly  smaller  thtin  those  encountered  in 
the  corresponding  bulk  material  1 1 1,  l.il.  The  nature  of  this  difference  is  currently  of  concern, 
particularly  in  the  case  of  devices  being  developed  for  optical  applications.  In  addition,  fatigue 
effects  in  devices  used  for  capacitor  or  memory  devices  may  well  be  related  to  the  high  levels 
of  strain  introtluced  by  the  applied  field.  As  a  necessary  prerequisite  to  the  understanding  and 
identification  of  the  various  effects  possible  in  such  materials,  a  study  has  been  carried  out  of 
the  changes  in  surface  topography  and/or  optical  constants  in  various  device  geometries  as  a 
function  of  applied  field  using  optical  inlerferotnetry. 

2  EXPERIMENTAL 

The  interferometric  measurements  have  been  carried  out  using  a  WYKO  TOPO.I 
system.  This  is  best  suited  to  the  study  of  small  spatial  regions  (ca  KXKIpm  square)  and  has  an 
ultimate  spatial  resolution  of  O  .fpm.  It  has  been  supplemented  by  optical  reflection  and 
transmission  measurements  on  thin  sections  of  material  fabricated  to  allow  interference  fringing 
to  be  seen.  The  WYKO  system  comprises  a  phase  shifting  interferometer  designed  around  a 
highly  stable  optical  microscope  Light  reflected  from  the  object  being  measured  interferes 
with  light  reflected  from  an  internal  reference  surface,  which  can  be  moved  by  a  PZT 
translator.  The  shifting  fringe  patterns  are  recorded  by  a  CCD  array  and  interpreted  by  a 
dedicated  computer  to  provide  a  topographic  representation  of  the  surface.  The  work  described 
here  exploits  the  use  of  the  instrument  in  a  differential  mode,  in  which  an  image  is  produced  by 
digital  subtraction  of  two  optical  phase  arrays.  The  first  is  that  of  the  device  surface  under  zero 
bias,  whilst  the  second  is  that  of  the  same  device  area  under  the  influence  of  an  applied  DC 
field. 

Material  has  been  examined  using  both  transver.se  and  longitudinal  electrode 
geometries.  The  two  electrode  configurations  are  shown  in  the  figure  1 .  Initial  measurements 
were  made  using  a  thinned  wafer  of  ceramic  (9.65,.I.‘))  PLZT.  This  material  is  typical  of  that 
used  for  electro-optic  modulator  applications,  with  a  composition  near  the  ferroelectric- 
antiferroelectric  phase  boundary.  Surface  electrodes  were  deposited  by  thennal  evaporation 
(for  aluminium)  or  by  RF  magnetron  sputtering  (for  indium-tin  oxide),  using  contact  masks  as 
appropriate  to  the  device  geometry  required. 
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Figure  1  Schematic  diagram  showing  transverse  and  longitudinal  electrode 

configurations. 

The  expected  deformation  modes  for  the  transverse  case  are  shown  in  figure  2.  which 
highlights  the  variation  in  optical  indicatrix  produced  as  a  result  of  the  applied  field. 


Figure  2  Schematic  diagram  showing  deformation  modes  in  an  electrostrictive 

materials  such  as  PLZT 

The  dominant  strain  effect  to  be  expected  is  the  expansion  of  material  along  a  direction 
parallel  to  the  applied  field,  with  an  accompanying  contraction  in  a  direction  perpendicular  to 
the  field.  The  respective  deformation  modes  are  d33  and  d3i  respectively.  The  refractive 
index  would  be  expected  to  increase  along  the  axis  perpendicular  to  the  field,  resulting  for 
example  in  a  phase  shift  which  could  be  exploited  in  a  resonant  filter  design.  The  anisotropy  in 
refractive  index  gives  rise  to  a  birefringence  which  can  be  seen  by  examining  the  sample 
between  crossed  polarisers  oriented  at  45”  to  the  axis  of  the  electrodes.  The  situation  is 
reversed  in  the  longitudinal  case,  where  the  dominant  strain  axis  is  now  perpendicular  to  the 
plane  of  the  PLZT  wafer.  The  applied  field  causes  a  dilatational  effect,  but  the  refractive  index 
of  the  material  is  reduced  correspordingly. 

Deformation  processes  found  in  regions  ot  the  material  close  to  surface  electrodes  may 
well  be  significantly  different  to  those  described  above.  The  field  iniensity  in  such  regions  is 
high,  with  a  component  varying  in  direction  away  from  the  conductor.  This  can  give  rise  to 
localised  regions  of  high  strain  which  could  enhance  or  detract  from  the  net  optical  phase 
change  produced. 

3  FREE  STANDING  BULK  PLZT 

The  measured  deformation  across  a  240pm  wide  transverse  electrode  gap  formed  on  a 
300pm  thick  free-standing  PLZT  wafer  is  as  shown  in  figure  3.  The  plot  shows  the  net 
differential  effect  of  the  field  at  the  ends  of  tl.e  electrode  and  is  obtained  by  digital  subtraction 
of  the  two  optical  phase  arrays,  before  and  after  application  of  the  fi'’ld.  The  dominant  effect  is 
an  upward  displacement  of  the  electrodes,  with  a  net  downward  shift  of  the  PLZT  in  the  gap 
itself.  These  relative  displacements  are  clearly  seen  in  comparison  with  the  flat  reference 
surface  of  unbiased  material  provided  towards  the  rear  of  the  area  examined.  The  polarity  of 
the  field  does  not  affect  the  direction  of  deformation.  A  line-scan  along  the  surface  of  the 
PLZT  (figure  4(al).  running  along  the  738pm  mesh  line  from  the  unbiased  region  at  the  rear  of 
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the  scanned  area  towards  the  material  present  between  the  electrodes,  clearly  shows  the 
contraction  produced  in  the  PLZT  as  a  result  of  the  field.  The  variation  of  PLZT  displacement 
with  applied  voltage  (figure  4(b))  clearly  indicates  quadratic  behaviour.  Upward  movement  of 
the  electrode  is  largely  a  result  of  the  vertical  orientation  of  the  field  lines  immediately  below  the 
surface.  The  di.splacement  is  also  enhanced  by  processes  of  material  deformation 
accompanying  the  transverse  dilation  of  PLZT  within  the  gap. 

The  high  strain  produced  at  the  edge  of  the  electrodes  can  cau.se  cracking  of  the  PLZT  at 
high  levels  of  applied  field.  This  effect  is  often  preceeded  by  delamination  of  the  electrode, 
usually  starting  at  one  end  and  running  along  the  gap  with  a  wave-like  motion. 


Figure  3  Displacement  (in  nm)  measured  by  non-contact  optical  interferometry 
across  the  end  of  a  240pm  wide  transverse  electrode  gap  at  a  field  of 

2.5V/pm. 

The  effect  of  material  clamping  can  be  important.  The  displacement  shown  in  figures  3 
and  4  was  measured  for  a  free  PLZT  wafer,  but  the  shift  of  interferometric  fringes  with 
application  of  field  also  indicated  a  deformation  of  the  wafer  in  a  bending  mode.  This  results 
from  the  fact  that  the  field  is  non-uniform  throughout  the  thickness  of  the  wafer,  with  material 
at  the  top  of  the  wafer,  near  the  electrodes,  expanding  further  than  that  at  the  bottom,  where 
significant  electrical  shielding  occurs.  The  radius  of  curvature  produced  is  very  large  (1-2 
metres)  but  can  be  compensate  for  during  the  digital  subtraction  of  the  optical  phase  fields. 


Figure  4(a)  Line  scan  of  the  surface  of  (he  PLZT  shown  in  figure  1,  running 
in  a  direction  parallel  to  the  electrodes.  The  region  to  the  left  of  the  cursor 
has  no  field  applied,  whilst  that  to  the  right  of  the  cursor  is  influenced  by  a 

field  of  2.5V/pm. 
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Figure  4(b)  Variation  of  PLZT  displacement  with  applied  voltage 


4  BULK  PLZT  WAFER  BONDED  TO  A  RIGID  SUBSTRATE 

Since  the  magnitude  of  d33  is  greater  than  that  of  d3i.  it  would  be  expected  that  the 
highest  sensitivity  to  applied  field  would  be  obtained  for  longitudinal  device  configurations. 
To  assess  the  feasibility  of  this,  a  simple  Fabry-Perot  etalon  was  constructed  by  cementtng  a 
wafer  of  PLZT  to  an  ITO-coated  glass  substrate,  and  thinning  the  PLZT  by  lapping  and 
polishing  to  achieve  a  cavity  thickness  of  about  80pm.  The  top  of  the  PLZT  was  then  coated 
with  rrO  and  the  device  assessed  in  reflection,  utilising  the  residual  Fresnel  reflection  losses  at 
the  PLZT/air  interface  to  form  the  boundary  of  the  resonant  cavity  (figure  5). 


Region  used  for  high 
’  tesotuHon  topography 


PLZT  wafer 


ITO  eiecirodee 


Glass  substrate 


Figure  5  Schematic  diagram  showing  configuration  of  simple  etalon 


Figure  6  Variation  in  optical  reflectivity  produced  by  longitudinal  application 
of  electric  field  to  thinned  ceramic  PLZT  wafer. 
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The  variation  in  reflectance  of  such  a  device,  measured  at  wavelengths  near  lO^m  is 
shown  in  figure  6.  This  shows  that  very  little  optical  phase  change  is  produced,  although  there 
is  significant  change  in  amplitude  of  the  interference  bands  formed  by  the  resonant  cavity. 

The  implication  is  that  the  effect  of  dilation  produced  by  the  d33  mode  is  almost  exactly 
balanced  by  the  reduction  in  refractive  index  produced.  The  fall  in  amplitude  of  the  interference 
fringing  shown  in  figure  6  certainly  implies  a  refractive  index  grading  effect  with  a  reduction  in 
refractive  index  in  a  region  close  to  the  surface  electtodes,  presumably  as  a  result  of  space- 
charge  effects.  An  attempt  has  been  made  to  explore  the  origin  of  these  effects  in  more  detail, 
by  examining  the  region  close  to  the  edge  of  the  upper  surface  electrode  shown  in  figure  5 
using  the  WYKO  interferometer.  The  deformation  measured  at  an  applied  field  of  only 
0.8V/|im  is  shown  in  figure  7.  As  in  the  case  of  figures  3  and  4.  this  plot  shows  the 
differential  effect  of  applying  the  field  and  at  high  resolution  clearly  shows  the  effect  of 
fringing  fields  and  field  non-uniformity,  with  an  upward  displacement  of  the  edge  of  the 
electrode  and  a.ssociated  downward  displacement  of  the  adjacent  PLZT  which  has  no  field 
applied  to  it.  Some  hysteresis  is  apparent,  with  indications  of  quadratic  behaviour  as  shown  in 
figure  8. 


Distance/pm 

Figure  7  Deformation  produced  at  the  edge  of  the  upper  ITO  electrode  shown 
in  figure  5,  The  position  of  the  edge  of  the  electrode  is  at  450pm  and  it 
extends  to  the  right  hand  side  of  the  plot  from  that  point. 


Figure  8  Hysteresis  effect  found  for  bare  PLZT  near  the  edge  of  a 
longitudinal  configuration  electrode.  Displacements  are  negative  and 
correspond  to  the  minimum  shown  in  figure  7. 
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It  is  clear  that  the  various  effects  occurring  are  complex  in  nature  and  may  Ije  related  to 
the  composition  and  ciystallinity  of  the  constituent  ferroelectric  material.  It  is  also  significant 
that  some  of  the  behaviour  observed  may  be  related  to  the  clamping  effect  at  the  adhesive  bond 
between  the  thin  wafer  and  the  glass  substrate. 

5  THIN  FILM  DEVICES 

A  study  has  also  been  carried  out  of  various  film/substrate  combinations  with 
transverse  electrodes  using  the  WYKO  interferometer.  This  configuration  was  chosen  because 
of  its  reliability  and  its  freedom  from  pinhole  effects  arising  from  defects  in  relatively  large 
areas  of  the  ferroelectric  thin  film  material.  Samples  examined  included  perovskite  phase 
material  produced  by  the  cluster  magnetron  technique  previously  described  |21.  by  pulsed 
plasma  deposition  (3|  and  by  dual  ion  beam  sputtering  j4|.  Whilst  the  study  of  bulk  material  in 
an  interferometer  is  simplified  by  the  absence  of  optical  phase  change  on  reflection,  the  same  is 
not  true  in  the  thin  film  case  where  the  phase  change  is  defined  by  the  optical  constants  of  the 
film/substrate  ensemble.  The  WYKO  computer  software  can  interpret  the  effect  of  changing 
refractive  index,  but  in  the  event  it  was  found  that  the  dominant  effect  produced  under  DC  field 
application  was  the  bending  mode  previously  found  in  the  thicker  ceramic  samples.  The 
direction  of  movement  was  always  the  same,  with  a  concave  radius  of  curvature  produced 
when  the  field  was  applied  across  transverse  electrodes.  It  is  clear  that  the  films  exhibit  electro¬ 
elastic  properties,  but  the  sense  of  the  deformation  is  opposite  to  that  expected  for  a  positive 
d33,  which  would  place  the  film  into  compression  when  the  field  was  applied,  with  an  ensuing 
convex  deformation.  These  processes  may  be  related  to  the  clamping  effect  of  the  substrate 
and  imply  that  extended  planar  structures  may  never  achieve  the  same  performance  levels  as 
bulk  material.  More  success  is  likely  to  be  obtained  using  discrete  active  device  areas  defined 
by  micromachining. 

In  some  films,  deformation  effects  were  seen  using  the  WYKO  under  DC  conditions 
close  to  the  edges  of  elecffodes  .  These  are  different  to  those  found  in  bulk  material  and  are  on 
a  much  smaller  dimensional  scale.  Spectroscopic  measurements  on  the  material  present  in  the 
gap,  carried  out  using  an  optical  multichannel  analyser  fitted  to  the  microscope  indicate  the 
absence  of  any  fringe  movement  as  a  result  of  the  applied  DC  field.  However,  when  optical 
measurements  are  made  on  thin  film  devices  between  crossed  polarisers  using  transverse 
electrodes,  the  effects  of  field-induced  birefringence  can  be  used  to  modulate  an  optical  source 
at  AC  frequencies  above  4Hz,  At  lower  frequencies  the  response  falls  off.  dropping  to  zero  at 
DC  levels.  It  is  currently  believed  that  the  frequency  dependance  of  the  modulation  reflects  the 
material  being  permanently  polarised  at  low  excitation  frequencies,  so  that  the  atoms  in  the 
lattice  no  longer  move  with  the  applied  field  and  cause  a  refractive  index  shift.  At  higher 
frequencies,  less  opportunity  is  available  to  set  up  permanent  space-charge  fields  in  the  material 
and  the  polar  domains  present  in  the  material  follow  the  variations  in  applied  field.  Many  of 
these  issues  are  being  addressed  in  current  studies. 

6  CONCLUSIONS 

The  technique  of  optical  interferometry  can  be  applied  to  the  study  of  the  fundamental 
electro-elastic  and  electrostrictive  processes  in  ferroelectric  materials.  Deformation  processes 
measured  in  free-standing  PLZT  ceramic  with  applied  field  are  easily  understood,  but  can  give 
rise  to  unexpected  forms  of  behaviour  when  substrate  clamping  effects  are  introduced.  The 
behaviour  of  thin  film  devices  is  dominated  by  such  clamping  effects  under  DC  excitation,  but 
at  higher  frequencies  can  be  used  as  for  optical  modulator  applications.  The  frequency 
dependance  of  the  modulation  reflects  the  material  being  permanently  polarised  at  low 
excitation  frequencies,  so  that  the  atoms  in  the  lattice  no  longer  move  with  the  applied  field  and 
cause  a  refractive  index  shift. 
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ABSTRACT 

The  pyroelectric  and  photogalvanic  effects  have  been  studied  extensively  in  epitaxial 
Pb(Zro.52Tio.4g)03  (PZT)  thin  films.  For  the  first  time,  photo-induced  currents,  which 
were  completely  reversible  by  electrical  voltage,  were  observed  in  ferroelectric  thin  films. 
The  photo-induced  currents  exhibited  transient  and  steady  state  components.  The  transient 
component,  in  turn,  consisted  of  two  components  with  fast  (<1  ps)  and  slow  (-hours) 
relaxation  times.  The  mechanisms  of  the  photo-induced  currents  in  PZT  films  and  their 
possible  application  in  non-destructive  readout  ferroelectric  memory  are  discussed. 

INTRODUCTION 

Recently,  ferroelectric  thin  films  were  extensively  studied  because  of  their 
application  for  non-volatile  memories*.  The  conventional  readout  process  in  such  memory 
elements  requires  polarization  switching  at  each  readout,  which  results  in  ferroelectric 
fatigue  and  reliability  issues.  On  the  other  hand,  there  have  been  a  few  studies  to  find  a 
new  mechanism  for  reading  information  from  the  ferroelectric  memory  without  polarization 
switching  using  the  field-effect  transitor  (FET)  structure^'^.  Such  a  non-destructive 
readout  memory  simplifies  circuit  design  and  alleviates  stringent  requirement  on  fatigue  of 
ferroelectric  thin  films.  Another  possibility  for  non-destructive  readout  memory  has  been 
realized  in  bulk  ferroelectric  ceramics  using  the  polarization-dependent  photovoltage'*. 
Therefore,  the  study  of  the  photo-induced  current  in  ferroelectric  thin  films  is  of  great 
interest  for  construction  of  a  new  type  of  thin  film  ferroelectric  memory.  Photo-induced 
currents  were  previously  studied  on  polyciystalline  thin  films^-*,  In  this  paper,  the 
behaviors  of  pyroelectric  and  photogalvanic  currents  in  epitaxially  grown 
Pb(Zro.52Tio.48)03  (PZT)  thin  films  were  studied  extensively. 

EXPERIMENTAL  PROCEDURES 

PZT  films  with  the  thickness  of  0.5  pm  and  with  the  polar  c-axis  perpendicular  to 
the  substrate  surface  were  epitaxially  grown  in  a  high  vacuum  system  on  YiBa2Cu30x 
(YBCO)  coated  SrTi03  substrates  by  pulsed  laser  ablation.  Detailed  experiment  and 
ferroelectric  properties  of  the  epitaxial  PZT  films  were  repotted  elsewhere^’*.  Ferroelectric 
film  capacitors  were  constructed  with  the  Pt  circular  top  electrode  with  the  diameter  of  0.6 
mm.  Platinum  top  electrodes  were  sputtered  with  the  thickness  of  400  A  and  were 
expected  to  have  5  %  transmission  of  incident  illumination^.  The  P-E  hyteresis  loop  of  the 
PZT  films  were  measured  with  hysteresis  bridge  circuit.  A  continuous  (CW)  and  pulsed 
lasers  were  used  for  photoresponse  of  Pt/PZT/YBCO  structure.  For  the  photoresponse  of 

the  PZT  films  under  steady-state  illumination,  the  light  from  a  He-Ne  laser  (X  =  623  nm,  5 
mW)  with  the  polarization  in  the  a-b  plane  of  the  film  was  directed  along  the  polar  c-axis. 
An  electrometer  was  used  to  detect  the  photocurrent  generated  from  the  film  and  the  signal 
was  recorded  with  a  chart  recorder.  For  the  photoresponse  of  the  PZT  films  on  la,ser 

pulse  illumination,  a  Q-switsh  Nd:  YAG  laser  (X.  =  1064  nm)  with  a  300  ns  pulse  duration 
and  100  Hz  repetition  rate  was  used.  The  photocuncnts  were  measured  by  an  oscillo-scope 
with  50  Q  input  impedance. 

RESULTS  AND  DISCUSSION 

The  nssistance  and  capacitance  of  Pt/PZT/YBCO  sti-ucUires  were  in  the  range  of  10* 
- 10®  £2  and  3-  4  nF,  respectively.  Coercive  field  strength  of  PZT  films  estimated  by  the 
dielectric  hyteresis  loop  measurement  was  -  53  kV/cm,  corresponding  to  the  coercive 
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Figure  1.  Current  versus  time  for  the  Pt/P27rA'BCO  structure  with  semi-transparent  Pt  top 
electrode  (a)  immediately  after  being  poled  by  5  V,  (b)  after  the  dark  current  was 
completely  relaxed  and  (c)  after  the  slow  transient  photocurrent  disappeared  after  an 
extended  time  of  illumination. 
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voltage  of  -  2.7  V.  First,  the  photoresponse  of  the  PZT  films  under  steady  state 
illumination  were  studied.  The  laser  irradiation  has  induced  a  current  in  the  Pt/PZT/YBCO 
structure  which  has  both  steady-state  and  transient  components,  as  shown  in  figure  1  and 
2.  It  is  important  to  point  out  that  the  transient  component  of  current  consists  of  fast  and 
slow  components.  Both  figures  1  and  2  show  that  the  slow  component  of  the  current  has 
1-  2  hours  relaxation  time.  Dark  leakage  currents  of  10'^  -  lO"'*^  A  were  measured  after 
applying  5  V  dc  switching  voltage  or  100  psec  long  pulse.  This  current  gradually  decreased 
and  finally  disappeared  in  an  hour.  Figure  I  and  2  show  currents  obtained  in  the  dark 
state  and  under  illumination  immediately  after  polarization  switching,  and  photocutrents 
after  an  extended  time  of  illumination. 

After  applying  a  negative  switching  voltage,  the  photo-induced  currents  increased 
markedly,  followed  by  a  decay  to  a  steady-state  value  on  the  order  of  an  hour.  It  was 
noted  that  the  behavior  of  the  photo-induced  current  depends  on  duration  of  light 
illumination.  Figure  1  and  2  show  that  the  ratio  of  the  fast  and  slow  components  of  the 
transient  photocurrent  depends  on  the  value  of  decaying  dark  current.  After  the  leakage 
current  and  the  slow  decaying  photocurrent  disappeared,  the  remaining  photocurrents 
consisted  of  the  fast  transient  and  small  steady-stale  components  (figure  I ).  For  the  positive 
switching  voltage,  the  value  of  the  slow  transient  component  of  the  photocunent  was 
higher  than  that  of  the  negative  switching  voltage.  The  photocurrent  had  only  the  fast 
transient  component  after  relaxation  (figure  2). 

From  the  phenomenological  point  of  view,  thermal  and  photo-induced  currents 
which  are  dependent  of  the  direction  of  the  remanent  polarization  can  be  represent  by  : 

Ji  =S(OPsOT-i-  aiCiKdik)aT/dt  +  Pijk  d(E,*"Ek“)/dt  -r  Xijk(Ej“Ek»“)|  (1) 

where  S  is  area  of  electrode;  3T/3t  is  the  temperature  time  derivative;  Ps  is  a  spontaneous 
polarization;  E“  is  the  electric  field  of  optical  radiation  and  aj,  cu;  and  dik  are  the  coefficient 
of  thermal  expansion,  stiffness  and  piezoelectricity,  respectively.  Pyic  and  Xjjk  are  optical 
dc  (rectification)  and  photogalvanic  coefficients,  respectively.  The  first  term  in  equation 
(I)  represents  the  pyroelectric  effect  (primary  and  secondary).  The  second  and  third  terms 
represent  photo-induced  currents  due  to  optical  dc  and  photogalvanic  effects'^.  As  shown 
in  equation  (1),  the  currents  due  to  pyroelectric  or  optical  dc  effect  have  a  transient 
character.  On  the  other  hand,  the  photogalvanic  current  has  a  steady-state  character. 
Equation  (1)  also  shows  that  all  components  of  current  along  the  polar  axis  change  their 
sign  upon  polarization  switching.  In  addition  to  being  polarization-dependent,  there  are  a 
few  other  possible  mechanisms  for  the  polarization-independent  steady-state  current. 
These  include  contact  potential  at  the  electrode-ferroelectric  interface  and  other  surface 
effects. 

Analysis  of  experimental  results  using  equation  (1)  indicates  that  the  completely 
reversible  fast  transient  photocurrent  is  due  to  the  pyroelectric  and/or  optical  dc  effects. 
The  source  of  the  slow  transient  photocurrent  is  probably  connected  with  screening  of 
spontaneous  polarization  by  localized  charge  in  the  traps  originating  from  impurities  or 
defects*®.  Excitation  of  photocarriers  changes  the  condition  of  filling  of  the  impurity  levels 
(traps)  in  the  forbidden  band.  As  a  result,  the  screening  conditions  are  changed, 
simultaneously,  changing  the  value  and  distribution  of  the  internal  field  in  the  PZT  film. 
Slow  relaxation  of  the  photocunent  under  continuous  illumination  possibly  indicates  that 
multiple  trapping  deep  levels  are  involved  in  the  screening  process.  The  Maxwell 

relaxation  time  (x=€eo/47to)  of  the  PZT  films  esimated  from  I-V  measurement  is  on  the 
order  of  a  second,  where  a  is  a  conductivity.  However,  slow  relaxation  of  the  transient 
photocurrent  occured  on  the  order  of  an  hour.  The  discrepancy  between  the  relaxation 
times  estimated  from  I-V  measurement  and  those  observed  in  transient  photocurrent  is 
probably  due  to  inhomogeneity  in  the  materials’®  or  the  difference  between  volume 
resistance  and  surface  resistance  of  the  PZT  films. 

Based  on  the  mechanism  we  propose  for  the  slow  transient  photocurrent,  the  dc 
leakage  current  can  affect  the  screening  condition  as  well  as  the  depolarization  field. 
Figures  1  and  2  show  that  the  slow  transient  photocurrents  decrease  with  the  decaying  dark 
current.  Slow  decay  of  the  dark  current  is  probably  due  to  long  relaxation  of  ionic  drift 
which  is  predominant  in  conduction  of  perovskite-based  ferroelectrics  in  the  high  electric 
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Figure  3.  Photoresponse  of  epitaxial  PZT  films  under  pulse  laser  illumination,  (a)  after 
being  poled  by  -5  V  and  (b)  after  being  poled  by  5  V.  and  (c)  photoresponse  ot  hi 
photodiode  for  laser  pulse. 
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field  (-10^  V/cm)".  Photocarriers  may  change  the  screening  condition  through 
recharging  defects,  possibly  oxygen  vacancies  or  Pb  vacancies,  which  can  be  carriers  for 
the  dark  current  in  PZT  films.  The  change  in  screening  condition  makes  an  additional 
contribution  to  the  slow  transient  photocurrent. 

As  for  the  steady-stale  current,  the  experimental  results  show  that  it  consists  of  both 
photogalvanic  current  and  the  current  due  to  contact  potential  as  shown  in  figure  I  and  2. 
At  the  negative  switching  voltage,  both  currents  had  the  same  sign  and  a  net  current 
followed.  On  the  other  hand,  the  polarization-dependent  photogalvanic  current  changed  its 
direction  at  the  positive  switching  voltage.  As  a  result,  currents  due  to  photogalvanic  effect 
and  contact  potential  cancel  out  each  other  and  the  net  steady-state  current  was  almost  zero. 

We  obtained  pyroelectric  and  photogalvanic  currents  from  epitaxial  PZT  films 
whose  direction  was  dependent  on  the  direction  of  the  remanent  polarization.  In  the 
ferroelectric  memory  elements,  the  logic  unit  (0,1)  are  determined  by  the  direction  of  the 
remanent  polarization.  Therefore,  using  light  sources,  we  could  generate  currents  whose 
signs  are  determined  by  the  direction  of  polarization.  As  a  result,  one  can  optically  read  the 
information  which  is  written  in  the  ferroelectric  memory  element  with  an  excellent  signal- 
to-noise  ratio. 

As  for  the  time  depence  of  the  photocurrents  due  to  the  slow  transient  component,  it 
is  possible  to  eliminate  its  effect  by  using  a  pulse  laser  illumination.  Experiments  using  the 
Q-switch  Nd:  YAG  laser  (figure  3)  shows  that  a  100  mV  photoresponse  was  measured  for  a 
pulse  laser  input  of  -10*  W/cm^.  Furthermore  by  comparison,  the  temporal  behaviors  of 
the  laser  pulse  and  response  (figure  3)  are  nearly  identic^.  After  applying  a  5  V  switching 
voltage,  the  polarity  of  the  photoresponse  is  changed,  as  shown  in  figure  3  a  and  b.  It  is 
important  to  point  out  that  unlike  to  the  steady-state  illumination,  the  pul.se  la.ser 
photoresponse  did  not  show  any  delay  after  switching,  and  remained  unchanged  alter  a  few 
hours  illumination.  For  the  photogalvanic  and  optical  dc  effects,  the  operation  speed  of 
memory  element  is  mainly  determined  by  the  relaxation  times  of  hot  photoelectron  and 
photo-induced  nonlinear  polarization,  which  is  limited  to  10-''  -  10-'*  s.  It  is  therefore 
possible  to  realize  the  non-destructive  optical  readout  with  the  <10"'  ’  s  operation  speed. 

SUMMARY 

The  pyroelectric  and  photogalvanic  currents  completely  reversible  by  electric- 
voltage  were  observed  in  epitaxial  Pb(Zro.52Tio,4g)03  thin  films.  The  mechanism  of 
photo-induced  current  and  the  possibility  to  construct  the  ferroelectric  memory  with  a  non¬ 
destructive  readout  capability  on  the  basis  of  the  reversible  cuirent  were  discus.sed. 

We  would  like  to  thank  the  Center  for  Ceramic  Research  and  Glen  Howatt  Lab.  for 
their  financial  supports. 
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ABSTRACT 

Discoveries  within  the  last  two  years  have  created  possibilities  for  the  fabrication 
of  epitaxial  oxide  heterostruclures  on  GaAs  substrates.  In  particular,  magnesium 
oxide,  MgO,  may  have  broad  applications,  including  its  use  as  a  cladding  layer  in 
optical  waveguides.  This  report  expands  upon  earlier  work  by  revealing  additional 
epitaxial  structures  involving  lithium  niobate  which  have  been  grown.  There  are  now 
five  known  variants  of  Z-lithium  niobate  on  GaAs:  direct  Z-cut  growth  on  GaAs 
<  1 1 1  )A  or  B,  Z-cut  growth  on  MgO  U 1 1  tGaAs  1 11 1  lA  or  B,  and  Z-cut  growth  on  MgO 
illlt.'GaAs  (001).  Broad  in-plane  misalignment  (about  15°i  characterizes  the  latter 
structure,  whereas  the  former  posses  a  te.xtural  width  of  3“  to  .5°  in  the  plane.  All 
structures  contain  internal  boundaries  resulting  from  180°  rotations  about  the  Z- 
axis.  A  critical  issue  for  any  ferroelectric  heterostructure  is  its  integrity  in  the 
presence  of  thermally  induced  tensile  strain.  Approaches  to  the  mitigation  of  thin 
film  fracture  are  discussed  and  a  novel  approach  to  strain  relief  via  ridge  waveguide 
fabrication  is  reported. 

INTRODUCTION 

Monolithic  combination  of  GaAs  based  light  .sources  with  oxide  ferroelectric  thin 
film  waveguide  devices  is  as  yet  a  distant  goal,  due  to  the  lack  of  viable  waveguide 
structures  and  processing  methods,  but  is  a  goal  pursued  in  several  laboratories  due 
to  the  potential  advantages  of  such  intimately  interconnected  hybrid  devices. 
Progress  toward  meeting  such  a  goal  includes  the  following  considerations.  Confined 
optical  modes  are  needed,  hence  a  cladding  layer  of  low  index  must  be  provided  to 
separate  the  semiconductor  (n=*3.8i  from  the  ferroelectric  (n  =  2,2i.  The  uniaxial  or 
biaxial  nature  of  ferroelectrics  (LiNbOrj,  BaTiOii,  PbTiO:).  KNbO:i  etc.)  implicitly 
requires  either  highly  oriented  or  epitaxial  films  to  permit  usage  of  tensor  properties 
and  to  minimize  light  scattering.  Waveguides  place  a  premium  on  minimizing 
surface  roughness,  because  thickness  variations  cause  losses  and  or  propagation 
constant  variations  depending  on  their  spatial  frequency.'  Integration  with  Si  or 
GaAs  impo.ses  limits  on  processing  temperature,  material  passivity,  thermal 
expansion  effects,  and  in  most  cases,  the  dielectric  and  ferroelectric  characteristics 
which  are  intimately  tied  to  film  crystallinity  and  composition. 

The  previous  MRS  symposium  on  ferroelectric  thin  films  (FTF  III  marked  the  first 
report  of  epitaxial  MgO  thin  films  on  GaAs  (001).-  Therein,  the  MgO  layer  was  shown 
to  permit  the  growth  of  epitaxial  BaTiO.'j  films,  .suggesting  usefullness  for  optical  and 
memory  applications.  Since  then,  three  additional  epitaxial  relations  were  produced, 
as  in  Table  I,  which  lists  the  currently  demonstratea  epitaxial  oxides  on  GaAs.  These 
are  yttria-stabilized  zirconia  (YSZ),2  indium-oxide,3  and  magnesium  oxide.2.4-R 
(Oriented  lead  titanate  growth  has  been  reported  on  gallium  arsenide  with  evidence 
for  lead  interdiffusion.')  Table  I  illustrates  the  large  impact  of  pulsed  laser  deposition 
(PLD)  on  the  development  of  this  research,  however,  it  remains  true  that  the  best 
propagation  figures  in  ferroelectric  oxide  thin  films  have  been  in  sputtered  thin  films. 

Of  potential  optical  waveguide  cladding  materials.  YSZ  has  a  higher  refractive 
index  than  MgO  (2.16  vs.  1.7)  and  is  less  chemically  stable  on  GaAs  than  MgO,)^ 
making  it  a  less  desirable  material.  (Lower  index  implies  stronger  mode  confinement, 
thinner  minimum  layer  thickness,  and  higher  intensity  for  a  given  power. ) 

Indium  oxide.  In^O.^.  would  be  a  very  interesting  epitaxial  waveguide  cladding 
material,  given  its  low  index  (n  =  1.80i  and  ability  to  be  doped  with  Sn  into  a 
transparent  conductor.  In20,3  films  on  InAs/GaAs  (001 )  currently  reported  have  dll) 
faceting, 3  causing  more  surface  roughness  than  is  tolerable  in  optical  waveguides. 
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MgO  IS  an  interesting  candidate  as  a  waveguide  cladding  material  since  it  is  a 
substrate  tor  a  variety  of  epitaxial  oxide  ferroelectrics,  such  as  Li.VbO  ).  BaTiOi. 
PhTiO  j,  KN'hOn  etc.  As  in  Table  I.  MgO  can  be  grown  in  four  crystallographies, 
which  may  prove  useful  for  inducing  various  crystallographies  essential  to  exploiting 
the  tensor  optical  properties  of  the  above  and  other  complex  oxides.  Detailed 
mechanisms  underlying  the  epitaxial  variants  of  MgO  on  GaAs  are  not  available, 
however,  the  cube-on-cube  crystallographies  appear  to  derive  from  initiating  growth 
from  a  bare'  or  oxide  free  GaAs  surface. -■*>  Sulfur  terminated  GaAs  lOOl  i  was  used  in 
the  electron  beam  deposition  process  which  generated  the  '  llOiljiOOl  i  variant. ^  The 
1 11 1 1||(001 1  variant  of  MgO  on  GaAs  grew  in  the  presence  of  incomplete  surface  oxide 
desorption. ■'> 


Table  I.  Currently  known  epitaxial  oxides  on  gallium  arsenide 


Material 

Crystal 

System 

Out-of-Plane 

Orientation 

In-Plane 

Orientation 

Method 

Lattice 

Mismatch 

YSZ 

Fluorite 

i001)||(001i 

llOOIllllOOl 

PLD 

-9.5'7 

121 

In20:i 

Bixbyite 

(001)!|(001) 

llOOIIillOOl 

PLD 

2.27'i 

131 

MgO 

NaCl 

(001)11(001) 

11 00  mu  001 

PLD 

-0.65'; 

121 

MgO 

NaCl 

(110)11(001) 

liioiiiiiioi 

EB 

-0.65'; 

141 

MgO 

NaCl 

(111)11(001) 

illloilillloi 

PLD 

■0.65': 

151 

MgO 

NaCl 

dll  (ill  111) 

11 101111 1101 

PLD 

-(),65'< 

I6| 

PLZT* 

Perovskite 

(110)11(001) 

Sput. 

2,06,-27.8'; 

171 

LiNbO:! 

trigonal  R3c 

(OOlilldll) 

|110lll<211> 

PLD 

-0.86'; 

161 

Abbreviations;  PLD  =  pulsed  laser  deposition,  EB=electron  beam  deposition. 
Sput.  =  sputter  deposition.  *In-plane  orientation  not  reported. 


In  addition  to  the  epitaxial  cladding  oxides  mentioned  above,  the  approach  to 
waveguide  cladding  using  oriented  complex  oxide  growth  on  amorphous  SiO^  has 
been  investigated  at  length,^'  and  may  provide  a  route  to  optical  integration. 

GROWTH  PROCESS 

The  PLD  technique  employed  at  Xerox  is  as  follows.  A  '108  nm,  1 7  ns  pul.se  length 
XeCl  excimer  laser  1  Lambda  Physik  EMG  1031  generates  a  laser  energy  density  of 
0.8  to  1.3  J  cm!l  on  O.o  inch  targets.  The  ta;get-to-.substratc  distance  is  .50  mm;  the 
base  pressure  is  2x10  '  Torr.  We  used  LiNbO:i  single  crystals  as  sources.  LiNbO:j 
films  grew  in  conditions  ranging  from  525  "C  to  825  “C  and  1  to  200  mTorr  Og.  MgO 
films  with  the  cube-on-cube  cry.stallography  were  grown  from  Mg  metal  targets  to 
reactively  produce  MgO  in  5x10-6  Torn  Ov  at  350  ‘’C.  Targets  were  mounted  on  a 
PolyGun  source  IKurt  J.  Lesker  Co  !  which  places  10  targets  on  a  rotating  polygon. 
The  GaAs  substrate  was  heated  radiatively  while  temperature  was  monitored  by  a 
thermocouple  near  the  lamp  which  reads  higher  than  the  substrate.  Si  doped  GaAs 
(lll)A  iGa  terminated)  and  illDB  (As  terminated)  wafers.  6x6  mm  square,  were 
degreased  and  immersed  for  30  seconds  in  either  H-2S04;H-202;Hi0=  10;  1:1  or  for  10 
.seconds  in  H202:H.2P04:H20  3:1:50.  The  former  is  a  stronger  etch,  (microns  per 
minute  versus  .08  to  .1  microns  per  minute);  both  produced  comparable  x-ray  spectra. 
Sub.strates  were  then  rinsed  in  deionized  water,  ethanol,  spin-dried  with  ethanol  in 
flowing  N2,  and  introduced  into  the  deposition  chamber.  The  substrate  was  heated  at 
680  '’C  (600  "C  by  pyrometer)  for  2  min  in  vacuum  betore  deposition  to  sublimate 
surface  oxides. 

MgO/GaAs  of  the  (111)||(001)  variant  was  grown  at  UC  Santa  Barbara  as  in  Ref. 
1 5]  using  a  248  nm  KrF  excimer  laser  to  deposit  MgO  from  a  pressed  MgO  powder 
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tar^iel  using  an  energy  cler.sity  of  -2  J  cm-.  GaAs  tOOli  substrates  were  degreased 
and  sequentially  etched  in  NH4OH  HgO-j  HgO  i;j5:l5:70i  and  HCl  H2O  1 1 : 1 1  solutions 
and  then  soaked  for  .'i  min.  in  DI  water  to  form  a  uniform  native  oxide  layer 
Reflection  high  energy  electron  diffraction  1  RHEEDi  monitored  the  substrate  surface 
during  the  oxide  desorption  at  590  ''C.  MgO  was  grown  in  l-2xl0-t  Torr  O2  and  420 
“C  following  the  appearance  of  a  characteristic  non-GaAs  11101  azimuth  RHEED 
pattern. ii 

RESULTS  AND  DISCUSSION 

Fig.  1  shows  a  Cu  Ka  X-ray  0-20  diffraction  scan  of  a  100  nm  LiNbO-i  film  grown  at 
625  “C  and  10  mT  PiO-zl  with  a  75  nm  MgO  interlayer  on  GaAs  1 1 1 1  iB.  Peaks  are 
indexed  to  LiNbO;j  i006i  and  (0012).  MgO  1 1 1 1 1  and  (222),  and  GaAs  ( 1 1 1 1  and  1 222 1 
Films  grown  without  the  MgO  interlayer,  had  identical  x-ray  spectra  except  for  the 
missing  MgO  reflections.  Rocking  curve  widths  in  o)  characterize  the  out-of-plane 
misalignment  of  the  grains  and  were  typically  1.0  and  12  degrees  for  the  MgO  and 
LiNbOii  layers  respectively.  The  instrument  resolution,  determined  on  a  Z-cut 
LiNbO.i  single  crystal  was  0.2  degrees.  The  d  spacing  of  the  (001_2)  rellection  deviated 
from  bulk  values  in  a  manner  consistent  with  Li  deficiency  and  could  be  corrected 
with  Li-rich  targets  as  discussed  previously  .6 

X-ray  diffraction  4)-scans  measure  in-plane  texture  and  crystallography  Fig  2 
overlays  phi  scans  of  GaAs  (202),  MgO  (200[  and  LiNbO;j_{104}  planes.  In-plane 
epitaxial  relationships  are  LiNbOij  1 1 101  v  GaAs  1211 1  &  1211 1  with  and  without  the 
MgC  layer  (note  the  {104j  reflections  occur  every  dO”).  This  crystallography  may  be 
equivalently  stated  as  LiNbOa  having  its  Y-cut  direction  along  GaAs  <li0> 
directions  and  X-cut  along  GaA  5  <211  >.  <l)-widths  were  typically  2.8“  and  4.5“  for 
MgO  and  lithium  niobate  respectively.  The  phi  re.solution  was  0  .5“  as  measured  on 
GaAs  (202).  Although  the  films  contains  180“  boundaries  and  broad  in-plane  texture, 
these  characteristics  do  not  inherently  produce  optical  losses  since  they  do  not  mix 
non-equal  components  of  the  dielectric  tensor.  The  same  crystallographies  and 
characteristic  rocking  curves  occurred  in  films  on  GaAs  ( 1 1 DB  and  '  11 1  lA. 

Figure  3  shows  a  0-20  diffraction  scan  of  a  100  nm  LiNbOa  film  grown  on  MgO 
I  111 I'GaAs  (001)  which  was  ^own  via  the  partial  oxide  desorption  process  described 
above.  The  lithium  niobate  diffraction  shows  a  predominantly  Z-cut  orientation,  with 
peak  broadening,  which  is  indicative  of  di.sorder.  most  likely  caused  by  Li  deficiency. 
The  MgO  diffraction  indicates  predominantly  dll)  texture,  however,  there  is  also  a 
(50  timesi  weaker  reflection  due  to  MgO  (0021.  indicating  that  the  film  contains  at 
least  a  small  amount  of  non-(  1 1 1 1  oriented  material.  Rocking  curve  widths  in  to  are 
about  1.8  and  2.0  degrees  for  MgO  and  lithium  niobate  respectively,  indicating  that 
the  out-of-plane  misalignment  is  about  double  that  grown  on  GaAs  d  1 1 1. 


Figure  1 .  X-ray  0-20  scan  of  LiNbO.)  on 
GaAs  d  1 1  )B  with  MgO  dll)  cladding. 


Figure  2.  X-ray  ({i-scans  of  LiNbO;!  on 
GaAs  ( 1 1 1  )B  with  MgO  (111)  cladding. 
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Figure  3.  X-ray  0-20  scan  of  LiNbOs  on  Figure  4.  X-ray  (})-scans  of  LiNbOs  on 

GaAs  ( 001 )  with  an  MgO  (111)  cladding.  GaAs )  001 )  with  MgO )  1 1 1  (  cladding. 

Figure  4  shows  a  series  of  phi  scans  of  GaAs  {202),  MgO  {200)  and  LiNb0.j  (104) 
planes  taken  on  the  same  film  as  in  Figure  3.  Peaks  in  the  MgO  phi  scan  occur  every 
60  degrees,  illustrating  the  two-fold  in-plane  relationship  of  MgO  to  GaAs.  Peaks  in 
the  lithium  niobate  phi  scan  also  occur  every  60  degrees,  as  was  observed  on  GaAs 
(111)  (Fig.  2),  however  we  note  here  that  given  the  two-fold  relationship  of  LiNbOn  on 
MgO  (111),  and  the  two-fold  relationship  of  MgO  (111)  on  GaAs  lOOl),  four 
inequivalent  LiNbOs  in-plane  relationships  are  expected  in  the  film,  which  form  two 
pairs  of  reflections  which  can  be  distinguished  in  the  phi  scan.  We  also  note  that  the 
width  of  the  peaks  in  phi  is  4  to  5  times  broader  than  on  GaAs  (111),  indicating  many 
large  angle  grain  boundaries  in  the  film.  The  effect  of  such  large  angle  grain 
boundaries  on  the  optical  properties  has  not  been  previously  studied,  although  as 
suggested  above,  grain  boundaries  produced  by  rotations  about  the  optic  axis  should 
be  less  harmful  than  boundaries  resulting  at  grains  with  relative  tilts  of  their  optic 
axes. 


Lattice  Constant  (A) 


Figure  5.  Potential  waveguide  and  cladding  materials  arranged  by  lattice  constant 

and  thermal  expansivity. 
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Whereas  many  of  the  current  results  in  prototype  oxide  waveguide  structures  an 
GaAs  are  in  LiNb03/Mg0/GaAs,  the  general  implementation  potentially  includes  a 
wide  variety  of  materials,  Figure  5  is  a  scatter  plot  of  potential  materials  arranged  by 
lattice  constant  and  thermal  expansion  constant.  It  is  apparent  that  the  elevated 
growth  temperatures  on  GaAs  will  result  in  tensile  strain  of  varying  degrees  at  room 
temperature  in  most  of  the  materials  listed.  As  reported  previously ,*>  fracture  was 
observed  in  thick  (600  nm)  LiNbOa/MgO/GaAs  till)  bilayers.  There  are  several 
approaches  to  mitigating  the  fracture  problem.  If  it  is  permissible  to  sacrifice  the 
properties  of  the  substrate,  a  more  expansive  substrate  may  be  selected.  Alternately, 
materials  other  than  MgO  and/or  LiNbOa  may  be  grown  provided  they  have  suitable 
intrinsic  and  thin  film  properties.  If  these  options  are  unsuitable,  a  third  alternative 
is  to  grow  thin  layers  below  the  (not  very  well  characterized)  critical  thickness  for 
fracture.  This  may  however  produce  waveguides  for  which  the  desired  frequency  is 
below  the  cutoff.  Finally,  a  fourth  alternative  described  here  is  to  seek  structural 
features  which  mitigate  fracture.  A  promising  strain  relief  structure,  that  also 
meets  the  requirement  of  lateral  mode  confinement,  is  the  ridge  waveguide.  In  the 
limit  of  a  tall,  narrow  ridge,  tensile  stress  along  the  waveguide  induces  contraction  in 
the  plane  normal  to  the  guide  via  the  Poisson  effect.  The  tensile  stress  is,  in  effect, 
applied  uniaxially  rather  than  biaxially.  In  the  two  limits,  the  stress  o  for  a  given 
strain  c is. 


Ob  =  e/[E(1-v)]  (biaxial  case);  Ou  =  e/E  (uniaxial  case), 

where  f  is  the  Young's  modulus  and  vis  the  Poisson  ratio.  For  a  Poisson  ratio  of  1  3.  a 
33%  stress  reduction  results  in  the  limit  of  tall,  narrow  ridges,  which  is  significant 
given  that  the  critical  thickness  for  fracture  typically  scales  as  o-^. 


50  nm 

(a) 


(b) 


Figure  6.  Fractured  planar  film  (a)  and  unfractured  film  (b)  grown  on  ridges. 


Figure  6  compares  scanning  electron  micrographs  of  a  fractured  planar  structure 
and  a  ridge  waveguide  array  of  1  pm  ridges  on  2  pm  centers.  It  is  evident  that 
although  these  structures  have  comparable  thickness,  (500  nm  LiNbOs  on  100  nm 
MgO),  only  the  planar  structure  is  beyond  its  critical  thickness.  Tbis  was  also 
confirmed  via  broad  area  surveys  by  optical  and  electron  microscopy. 
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Figure  7  is  a  cross  section  transmission  electron  micrograph  (TEMi  of  the  ridge 
structure  in  Figure  6.  Dislocations  occur  in  the  GaAs  in  response  to  the  compression 
induced  by  the  oxjdg  layers.  The  sidewalls  of  this  particular  ridge  are  faceted  into 
(OlOl  (righti  and  (101 1  (left)  crystal  planes  by  the  chemical  etching  proce.ss.  This  may 
be  undesirable  for  waveguide  fabrication,  and  if  so.  may  be  circumvented  by 
alternate  etching  processes.  The  faceting  does  however  illustrate  the  varying  degree 
of  MgO  sticking  on  these  differing  crystal  cleavages.  In  particular,  the  MgO  does  not 
stick  readily  to  the  (100)  type  plane,  which  is  in  (jualitative  agreement  with  the  high 
mobilities  of  MgO  molecules  on  the  (100)  face  of  MgO  discussed  in  Ref  17). 

SUMMARY 

Among  the  many  requirements  for  viable  epitaxial  ferroelectric  oxide 
heterostructure  waveguides  on  GaAs,  crystallographic  control  and  thickne.sses 
appropriate  for  guided  modes  are  essentials.  This  report  has  illustrated  five  variants 
of  epitaxial  lithium  niobate  on  GaAs  substrates,  and  presents  an  approach  to 
extending  the  critical  thickness  for  thin  film  fracture  via  ridge  waveguides. 

We  thank  Rose  Donaldson,  and  Brent  Krusor  of  Xerox  PARC  for  technical 
assistance.  This  work  has  been  supported  in  part  by  the  Department  of  Commerce 
Advanced  Technology  Program  )70NANB2H1241 '. 
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CHEMICAL  VAPOR  DEPOSITION  OF  EPITAXIAL  BaTiOs  FILMS  FOR 
FREQUENCY  DOUBLING  DEVICES,  Peter  C.  Van  Buskirk,  Gregory  T.  Stauf, 
Robin  Gardiner,  Peter  S.  Kirlin,  Advanced  Tedmology  Materials,  Danbury,  CT., 
B.  Bihari,  J.  Kumar,  University  of  Massachusetts-Lowell,  G.  GaUatin. 


ABSTRACT 

Ferroelectric  materials  such  as  BaTiOs  are  notable  for  their  nonlinear  optical  and 
electrical  properties.  Optical  frequency  doubling  in  thin  films  integrated  with 
compact  semiconductor  laser  pumped  solid  state  lasers  is  an  attractive  candidate 
for  high  efficiency  generation  of  blue  light.  Chemical  vapor  deposition  (CVD) 
using  a  single  liquid  source  has  been  used  to  grow  BaTiOs  films  on  MgO.  X-ray 
diffraction  in  the  pole  figure  configuration  indicates  the  films  to  be  epitaxial,  and 
rocking  curves  had  FWHM  -  0.7®.  An  optical  scatterometer  (X  =  633  nm.)  has 
been  used  to  identify  deposition  conditions  that  result  in  the  lowest  scatter  losses. 
This  paper  describes  these  results  as  well  as  waveguide  designs  to  enhance  the 
second  harmonic  generation  efficiency  in  epitaxial  BaTiOs  films  on  MgO. 


Introduction 

Although  BaTiOs  has  exceptionally  high  second  harmonic  generation  d- 
coefficientsl,  conventional  phase  matching  using  birefringence  in  bulk  crystals  is 
difficult.2  Propagation  of  light  in  thin  film  waveguides  offers  several  advantages, 
including  high  power  densities^  and  the  ability  to  phase  match  the  incident  and 
second  harmonic  wavelengths  by  engineering  the  waveguide  structure  to 
establish  appropriate  relations  between  &eir  propagation  constants. 

Figure  1  illustrates  various  degrees  of  freedom  in  the  design  of  thin  film  SHG 
devices.  The  simplest  (la)  involves  near-normal  incidence;  this  configuration 
was  used  to  characterize  the  BaTiOs  films  deposited  in  this  effort  and  the  results 
will  be  described  below.  Efficiency  in  a  SHG-based  device  is  defined  as  the  square 
of  the  product  of  the  optical  intensity  in  power  per  unit  area  multiplied  by  the 
optical  path  length.  The  near-normal  geometry  in  Fig.  la  is  relatively  inefficient 
because  the  opticeil  path  length  is  small,  and  for  c-axis  oriented  films  the  electric 
field  vector  is  difficult  to  align  with  the  largest  electro-optic  tensor  elements 
because  of  Snell's  law.  The  first  level  of  improvement  involves  setting  up  a  guided 
wave  in  the  film,  either  with  a  prism  or  grating  coupler,  thus  increasing  the 
optical  path  length.  Phase  matching  the  incident  and  harmonic  optical  fields  can 
be  achieved  by  selecting  the  substrate  and  waveguide  thickness  such  that  twice 
the  propagation  constant  of  the  incident  wavelength  guided  mode  equals  the 
propagation  constant  of  the  harmonic  guided  mode.  Next,  one  can  design  a 
grating  whicii  will  both  couple  in  primary  radiation  and  couple  back  out  the 
second  harincr.ir.  radiation  at  a  different  angle.  Finally,  figure  lb  shows  a 
waveguide  str.icture  which  has  been  optimized  for  SHG  efficiency  by  both  phase 
matching  and  maximizing  the  resonant  enhancement  of  the  optical  fields  by  the 
choice  of  the  grating  design  parameters.  A  preliminary  design  will  utilize  a  very 
low  amplitude  (>■  lOOA)  gyrating  fabricated  in  either  the  MgO  substrate  or  in  the 
surface  of  the  BaTiOs  film.  The  grating  period  will  be  approximately  0.4  pm  to 
suppress  difiraction  into  higher  orders.  Formation  of  features  this  size  will 
require  holographic  exposure  and  ion  milling.  Development  of  computer  code  to 
predict  the  magnitude  of  the  resonant  enhancement  is  in  progress  and  will  be 
described  in  a  future  publication. 
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Fiifure  1.  Thin  film  configurations  for  second  harmonic  generation  in  optically 
non-linear  thin  films  (described  in  the  text),  lb  shows  a  waveguide  structure 
which  has  been  designed  for  efficient  SHG  by  phase  matching  and  creates 
resonant  enhancement  of  the  optical  fields  by  optimizing  the  grating  design. 


Substrate  selection 


A  variety  of  factors  must  be  considered  in  design  of  a  thin  film  firequency  doubler. 
Substrate  selection  is  perhaps  the  most  important  since  it  influences  both  the 
properties  of  the  ’laTiOs  film  and  the  degree  of  confinement  due  to  the  refractive 
index  relationships.^  In  general  the  better  the  chemical  compatibility  and  lattice 
matching,  the  fewer  the  defects  in  an  epitaxial  film,  resulting  in  lower  optical 
losses  and  larger  d-coefficients.  SiTiOs  is  a  good  choice  from  this  viewpoint;  on 
the  other  hand,  its  refractive  index  is  so  dose  to  BaTiOs  that  a  prohibitively  thick 
BaTiOs  film  (>  1  pm)  would  be  required  to  support  waveguiding.®  Therefore  we 
have  selected  MgO  as  the  substrate  (n  ->1.73)  as  a  compromise  between 
minimizing  lattice  mismatch  and  achieving  a  reasonable  refractive  index 
difference  (to  minimize  film  thickness).  Figure  2  shows  calculated  propagation 
constants  p  as  a  function  of  BaTiOa  film  thickness  for  the  MgO/BaTiOs/  air 
configuration.  The  propagation  constants  are  calculated^  for  TE  polarized  1.064 
pm  (2p)  and  TM  polarized  0.532  pm  (p)  wavelengths,  corresponding  to  the 
Nd'.YAG  laser  inddent  beam  and  the  frequency  doubled  output,  respectively. 


Figure  2.  Propagation  constants  P  as  a  function  of  BaTiOs  film  thickness  for  the 
MgO/BaTiOs/  air  waveguide  configuration.  Phase  matching  can  be  achieved  by 
selecting  the  BaTiOs  thickness  such  that  2Po>  =  P2<a>  corresponding  to  0.34  pm. 


Metal  organic  chemical  vapor  deposition  (MOCVD)  offers  the  potential  for 
epitaxial  film  growth  over  large  areas  and  at  rates  appropriate  for  device 
manufacturing.  The  BaTiOs  films  were  grown  in  an  inverted  vertical  reactor 
described  previously  J  on  (100)  MgO  substrates  that  were  preannealed  in  oxygen  at 
1100  *C.  The  quartz  reactor  tube  had  a  cylindrical  configuration,  and  the  gas 
inlet,  substrate  mounting  and  gas  outlet  were  coaxial  with  the  walls  of  the 
reactor.  The  substrate  faced  downward  and  was  held  against  an  inductively 
heated  SiC  susceptor  by  a  pyrolytic  boron  nitride  mask.  A  substrate  temperature 
of  840  *C  with  gas  flows  in  the  reactor  of  300  seem  Ar  and  900  seem  O2  and  a  total 
pressure  of  2.2  torr  gave  a  growth  rate  of  about  0.3  pm/hr. 

Titanium  bis-isopropoxide  bis(thd)  and  Ba(thd)2-tetraglyme  adduct  were  used  as 
the  source  reagents  and  were  delivered  to  the  reactor  at  a  combined  rate  of  0.7 
pmol/min  using  a  liquid  delivery  approach  described  in  previous  publications.®-® 
Briefly,  organic  solutions  containing  the  organometallic  source  complexes  were 
delivered  by  a  high  precision  liquid  pump  to  a  heated  vaporizer  assembly.  The 
gaseous  precursors  were  then  transported  to  the  reactor  by  an  Ar  carrier  gas 
through  heated  manifolds.  The  major  advantage  of  the  liquid  delivery  approach 
is  that  liquids  can  be  mixed  just  prior  to  vaporization;  besides  the  simplicity  of  this 
approach  the  ability  to  make  slight  composition  adjustments  via  computer  control 
makes  this  approach  highly  desirable.  Once  the  process  has  been  optimized, 
simultaneous  delivery  of  all  the  cation  species  to  the  substrates  via  a  single 
solution  is  possible,  which  is  inherently  superior  to  separate  precursor  manifolds 
in  terms  of  both  film  stoichiometry  and  system  complexity.  This  technique  has 
been  successfully  used  by  ATM  for  growth  of  BaSrTiOs  and  YBaCuO  and  other 
materials,  to  The  controlled  delivery  of  relatively  involatile  CVD  precursors 
offered  by  this  technique  opens  the  doors  to  a  broad  range  of  CVD  processes, 
especially  those  which  employ  simultaneous  delivery  of  several  compounds. 


Films  deposited  under  the  conditions  described  above  were  typically  smooth  and 
featureless  when  imaged  by  SEM  at  10'*  x.  At  present  films  of  the  target  0.34  pm 
thickness  are  deposited  using  process  timing  to  control  thickness  and  this  method 
results  in  thickness  control  of  approximately  ±5%.!^ 

X-ray  diffraction  in  the  Bragg-Brentano  geometry  revealed  films  deposited  on 
MgO  [100]  to  be  essentially  single  [100]  orientation,  with  trace  levels  of  [110]  and 
[111]  orientations  present  with  some  variability.  The  reason  for  the  presence  of 
these  misorientations  is  not  known,  although  slight  misalignment  of  the 
polishing  lap  with  respect  to  the  crystal  axes  of  the  substrate  may  result,  after 
annealing,  in  steps  wUch  promote  growth  of  misoriented  material.^®  XRD  pole 
figpire  analysis  for  a  representative  sample  shows  four-fold  symmetry  indicating 
the  film  to  have  an  epitaxial  relationship  with  the  MgO  surface  Figure  3. 

The  diffraction  line  at  45.3°  does  not  display  the  splitting  expected  for  non¬ 
degenerate  [200]  and  [002]  lattice  spacings,  although  bulk  BaTiOs  is  tetragonal  at 
room  temperature.  It  is  possible  that  the  relatively  small  dimension  of  the  BaTiOs 
normal  to  the  surface  effectively  suppresses  the  tetragonal  structure  at  room 
temperature;  this  result  is  familiar  for  fine-grained  BaTiOs  and  has  been 
characterized  as  the  'superparaelectric'  phase.^®-^*  Clamping  effects  are  known 
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Figure  3.  X-ray-dii&action,  BaTiOs  /MgO.  Left:  the  BaTiOs  film  is  single  phase, 
highly  [200]  oriented.  Right;  [110]  pole  figure  reveals  four-fold  sjrmmetry, 
indicating  epitaxy. 

to  dramatically  alter  the  non-linear  optical  response  in  bulk  crystals  and  this  may 
be  an  important  effect  in  epitaxial  thin  films,  Since  these  effects  could  perturb 
the  refractive  index  of  BaTiOa  thin  films  relative  to  the  bulk  values  used  for  the 
calculations  in  Figure  2,  ellipscmetry  will  be  used  to  directly  measure  refractive 
indexes  in  our  films  to  choose  final  target  thicknesses. 


BaTiQ.i  optical  properties 

A  simple  apparatus  was  set  up  to  make  comparative  measurements  of  the  scatter 
resulting  from  the  BaTiOs/MgO  samples.  Changes  in  scattered  light  intensity 
gave  us  a  simple,  non-destructive  way  of  looking  at  the  optical  quality  of  a  film 
grown  imder  certain  conditions.  A  He-Ne  laser  (X.  =  633  nm.)  was  directed  at  the 
BaTiOs/MgO  samples  at  a  45°  angle  of  inddence.i^  A  Si  detector^'^  was  used  to 
measure  the  intensity  of  scatter  out  of  the  specular  reflected  beam,  at  a  range  of 
off-specular  angles  from  approximately  5-45°.  Experiments  were  conducted  to 
examine  the  effects  of  substrate  annealing  and  deposition  temperat’'re  on  the 
scattered  light  intensity.  We  found  that  samples  with  similar  X]^  spectra  could 
have  significantly  different  scattering  properties.  Of  most  interest  was  the 
dependence  of  scatter  on  substrate  preparation  and  substrate  temperature. 
Samples  of  BaTiOs/MgO  on  annealed  substrates  were  found  to  have  about  70%  the 
scatter  of  samples  on  unannealed  substrates.  While  relatively  small  on  the 
logarithmic  scale  often  used  to  describe  optical  scatter,  this  difference  was 
repeatable  for  samples  of  this  type  prepared  in  the  same  deposition  nm. 

Scatter  also  had  a  distinctive  dependence  on  deposition  temperature  (Figure  4). 
Films  grown  on  both  cleaved  and  polished  MgO  substrates  displayed  the  lowest 
scatter  at  approximately  850°C.  More  scatter  at  lower  temperatures  can  be 
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explained  when  one  examines  the  x-ray  spectra  of  films  grown  at  lower 
temperatures,  which  show  substantially  less  intense  peaks,  even  though  the 
optical  thicknesses  were  about  the  same.  This  indicates  that  either  amorphous  or 
fine-grained  BaTiOa  was  present,  not  surprising  at  lower  temperatures,  either  of 
which  could  cause  increased  scatter.  Higher  scatter  due  to  higher  deposition 
temperatures  is  slightly  more  difficult  to  explain;  x-ray  peak  intensities  did  drop 
somewhat  firom  those  at  850  *C,  but  the  reason  is  unknown.  Profilometer  surface 
roughness  measurements  did  not  show  any  good  correlation  to  increased  light 
scatter,  so  it  may  be  a  bulk  grain  boundary  or  defect  phenomenon  rather  than  a 
surface  roughness  effect.  TEM  for  these  samples  is  underway  in  an  effort  to 
explain  these  phenomenon.  Reductions  in  light  scatter  should  result  in 
decreased  wave-guiding  losses  in  the  BaTiOs  film. 


Temperature  (*C) 


Figure  4.  Relative  scatter  vs.  deposition  temperature.  BaTiOs  films  on  both 
cleaved  and  polished  MgO  had  minimum  scatter  at  approximately  850°C 
deposition  temperature. 

Poling  procedures  for  the  BaTiOa  are  under  development.  Poling  involves  putting 
an  electric  field  across  the  sample,  often  with  a  needle  or  filament  (corona  poling) 
Eind  in  some  cases  heating  it  above  the  Curie  temperature  to  align  ferroelectric 
domains.  We  believe  the  as-grown  material  has  some  net  domain  orientation, 
since  SHG  d-coefficients  as  high  as  0.7  pmA^  (dis)  have  been  measured  in  \in- 
poled  films.  This  value  is  more  than  an  order  of  magnitude  below  the  value  of  the 
bulk  material,  and  it  is  likely  due  to  the  un-poled  state  of  the  films  as  well  as  likely 
clsunping  effects  which  suppress  SHG  generation  in  a  domain.  Future  work  will 
focus  on  determining  poling  and  deposition  conditions  to  minimize  these  effects, 
and  on  fabrication  of  grating  structures  to  enhance  the  efficiency  of  SHG  in 
BaTiOa  films. 


Conclusiflna 

A  design  for  a  thin  film  based  frequency  doubler,  using  the  high  second  harmonic 
generation  coefficient  of  BaTiOg,  has  been  presented.  This  will  require  a  material 
of  high  optical  quality  for  low-loss  wave-guiding,  correct  thickness  to  achieve 
phase-matching  and  optimum  grating  parcuneters  to  resonantly  enhance  SHG  in 
the  film.  High  quality  BaTiOg  films  have  been  grown  by  CVD  utilizing 
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simultaneous  delivery  of  metalorganic  precursors  in  a  single  liquid  solution.  Pole 
figure  x-ray  scans  revealed  that  these  films  are  (100)  oriented  and  epitaxial  on 
(100)  MgO.  Light  scattering  measurements  indicated  that  (1)  pre-annealing  MgO 
substrates  in  oxygen  before  deposition  improved  optical  quality  of  the  BaTiOs 
films,  and  (2)  the  optimum  film  deposition  temperature  lies  around  850  'C. 
Future  work  will  focus  on  optimizing  the  effective  d-coefficients  of  the  BaTiOs 
films  and  on  fabricating  grating  structures  to  enhance  the  SHG  efficiency. 
Acknowledgments 

This  work  has  been  funded  by  the  SDIO  and  contracted  by  the  Naval  Ocean 
Surveillance  Center  (Contract  #  N66001-92-C-7008) . 


1  Landolt-Bomstein  Numerical  Data  and  Functional  Relabonships  in  Science 
and  Tectmology.  New  Series,  III/H,  Hellwege,  KH.,  ed.,  pp.  682,  685  (1979) 

2  Non-criticad  phase  matching  (Type  II)  is  dis^owed  in  uniaxial  materials  with 
4mm  symmetry,  and  critical  phase  matching  (Type  I)  is  possible  only  at 
wavelengths  greater  than  X  >  2.0|X.  Private  communication  with  Keith 
Kendall,  Pennsylvania  State  Universify. 

3  "Desirability  of  electro-optic  materials  for  guided-wave  optica",  Holman,  R.L., 
Johnson,,  L.M.,  Skiimer,  D.P.,  Optical  Eng.,  26(2),  pp.  134-142  (1987) 

4  Subsequent  technical  obstacles  may  include  photorefiractive  effects  ("optical 
damage")  and  diffictilties  in  microUthographic  fabrication  of  the  structures. 

5  At  X  =  1.06p  for  bulk  single  crystals,  IIbt  =  2.322  and  nsr  =  2.315.  A  related 
problem  is  the  magnitude  of  both  the  SrTiOa  and  BaTiOs  refiractive  indices 
compared  to  air  at  the  outer  interface.  A  high  index  film  deposited  on  top  of 
the  BaTiOs  can  reduce  its  required  thickness,  but  adds  undesirable  complexity. 

6  "Properties  and  applications  of  layered  grating  resonances",  Gallatin,  G.M., 
SPIE  Proc.  Vol.  815, 158  (1987) 

7  "Microstucture  of  BaTiOs  Thin  Films  Grown  by  Reduced-pressure  CVD",  Van 
Buskirk,  P.C.,  Gardiner,  R.,  Kirlin,  P.S.,  Proceedings,  MRS  Fall  Meeting 
(1990),  Boston  MA.,  to  be  published 

8  "Single  Liquid  Source  Plasma  Enhanced  Metalorganic  Chemical  Vapor 
Deposition  of  High-quality  YBA2CU3O7.X  Thin  Films",  Jiming  Zhang,  Robin 
A.  Gardiner,  Peter  S.  Kirlin,  Robert  W.  Boerstler,  and  John  Steinbeck,  Appl. 
Phys.  Lett.  61, 2884  (1992). 

9  "MOCVD  growth  of  BaTiOj  in  an  8"  single  wafer  CVD  system".  Van  Buskirk, 
P.C.,  Gardiner,  R.,  Kirlin,  P.S.,  Krupanidhi,  S.B.,  Proceedings,  8^  Int.  Syp. 
Applications  of  Ferroelectrics,  August  31-Sept.  2, 1992,  Greenville  SC,  340-343 

10  In  addition,  we  have  used  this  technique  to  deposit  BaTiOs,  TlBaCaCuO, 
LaSrCoOs,  CrsOs,  MgAl204,  YsOs-ZrOs  (YSZ)  and  PbLaZr^Os-  We  have  also 
demonstrated  reagent  delivery  for  CVD  of  Ta205  and  Cu. 

11  An  optical  reflectance  thickness  monitor  may  be  used  if  it  becomes  necessary 
for  more  precise  control. 

12  Commimication  with  Angus  Kingon,  NCSU. 

13  "Dependence  of  the  Crys^  Structure  on  Particle  Size  in  Barium  Titanate", 
Ucl^o,  K.,  Sadanaga,  E.,  Hirose,  T.,  J  American  Ceramic  Society,  72(8),  1558 

14  "Dielectric  properties  of  fine-grained  barium  titanate  ceramics",  Arflt,  G., 
Hennings,  D.,  de  With,  G.,  J.  Appl.  Phys.,  58(4)  1620-1625  (1985) 

15  Ibid.  Ref.  1. 

16  The  back  surface  of  each  sample  was  roughened  on  600  grit  sandpaper  and 
painted  black  to  reduce  contribution  of  the  back  surface  to  the  signal. 

17  The  detector  was  used  in  a  photoconductive  mode,  and  a  beam  chopper  and 
lock-in  amplifier  were  used  to  reduce  noise. 
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REACTIVE  ION  ETCHING  OF  Pt/PbZr.Ti,  ,0,/Pt 
INTEGRATED  FERROELECTRIC  CAPACITORS 

J.J.  VAN  GLABBEEK,  G.A.C.M.  SPIERINGS,  M.J.E.  ULENAERS,  G.J.M.  DOR¬ 
MANS  AND  P.K.  LARSEN 

Philips  Research  Laboratories,  P.O.Box  80.000,  5600  JA  Eindhoven,  The  Netherlands 

Abstract 

Dry  etching  of  a  Pt/PbZr.Tii.jOj/Pt  (Pt/PZT/Pl)  ferroelectric  capacitor  stack  with  CF^/Ar 
plasmas  with  a  reactive  ion  etching  process  for  the  fabrication  of  micrometer-sized  inte¬ 
grated  ferroi'lectric  capacitors  is  described.  The  etch  rate  for  both  Pt  and  PZT  is  deter¬ 
mined  as  a  function  of  the  process  settings:  Power,  pressure  and  CFj-Ar  gas  flow  ratio.  A 
chemical  enhancement  of  the  etch  rate  is  found  for  PZT.  It  is  shown  that  it  is  possible  to 
etch  the  Pt/PZT/Pt  ferroelectric  capacitor  stack  in  a  CFj/Ar  plasma  in  a  single  lithographic 
process  using  patterning  by  photoresist  masking.  Redeposition  processes  occurring  during 
etching  are  described. 

1.  Introduction 

High-density  ferroelectric  random-access  memory  devices'^  will  require  very  small 
ferroelectric  capacitors,  having  areas  of  the  order  of  (sublum^.  For  preparing  such  small 
capacitors  etching  techniques  have  to  be  developed,  preferentially  using  a  minimum  number 
of  processing  steps.  With  wet-chemical  etching,  using  diluted  HF-based  solvents,’  it  is  not 
possible  to  pattern  the  ferroelectric  film  to  such  small  dimensions.  Also,  wet  etching  of  Pt- 
based  electrodes  is  not  viable.  Consequently,  capacitor  size  minimization  requires  the 
development  of  reliable  anisotropic  dry  etching  methods  such  as  plasma  etching  and 
Reactive  Ion  Etching  (RIE),  enabling  the  structuring  of  ferroelectric  capacitors  preferently 
in  a  single  photolithographic  process  step. 

Reactive  ion  and  plasma  etching  of  PZT  and  La-doped  PZT  (PLZT)  has  already  been 
described  by  Poor  and  Fleddermann*  and  Saito  et  al^  The  first  authors  report  on  plasma 
etching  in  mixed  CF4/HCI  plasmas  at  elevated  substrate  temperatures.  The  latter  authors 
describe  structuring  a  sputtered  PZT  film  in  CCI4  plasmas  using  photoresist  as  a  masking 
material.  Reactive  ion-beam  etching  of  Pt  has  been  described  by  Novotny.*  In  this  paper 
the  patterning  of  a  complete  ferroelectric  capacitor  sUic>'  consis‘’ng  rf  a  Pt  b"'*"rr.  electro¬ 
de,  PZT  and  a  Pt  top  electrode  in  a  single  process  step  is  described. 

2.  Experimental 

2.1.  Pt  and  PZT  film  deposition 

A  70  nm  thick  Pt  bottom  electrode  is  sputter  deposited  on  10  cm  diameter  oxidized 
silicon  wafers  provided  with  a  thin  Ti  adhesion  layer.  Both  as-deposited  and  post-annealed 
bottom  electrodes  were  prepared.’  The  electrode  preparation  process  and  the  effect  of  the 
electrode  on  the  PZT  deposited  on  top  of  it  have  been  described  recently  in  detail.’  In  this 
investigation  three  different  PZT  materials  were  etched: 

a) .  PbZro  jjTifl 47O11  films  prepared  by  spin-coating  using  a  modified  sol-gel  process.*  ’  Each 

spin-coated  layer  is  fired  at  600°C  and  the  final  290  nm  stack  is  annealed  at  700"C.’ 

b) .  PbZro  jsTiojjO,  films  prepared  with  a  process  similar  to  that  used  for  PbZr(,5,Tio470j. 
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The  film  thickness  was  280nin. 

c)  PbZro.57Ti<,430,  films  prepared  by  OMCVD  on  as-deposited  Pt  bottom  electrodes  as 
described  by  Dormans  ei  al.'"  The  film  thickness  was  350  nm. 

The  Pt  top  electrodes  were  sputter-deposited  using  the  same  process  conditions  as  for  the 
bottom  electrode.  The  Pt  top  electrodes  were  not  annealed. 


2.2.  Reactive  ion  etching  equipment 

The  PtypZT/Pt  stacks  were  etched  in  a 
Alcatel  Gir  300  reactive  ion  etch  system. 
The  machine  was  a  single  wafer  parallel 
plate  etching  apparatus  equipped  with  a 
load-lock  and  a  laser  end  point  detection 
system.  The  experiments  described  here 
were  all  done  with  an  RF  working  fre¬ 
quency  of  13.56  MHz  without  substrate 
heating  and  with  mixtures  of  CF4  and  Ar 
used  as  etching  gases.  Heating  of  the 
substrate  occurred  during  the  etching 
process  caused  by  the  bombardment  of 
ions  on  the  surface."  For  other  materials 
it  was  observed  that  ion  bombardment 
induced  heating  does  not  change  the  etch 
rate." 

2.3.  Etch  rate  measurement 


0  10  20  30 


Tifnt?  1  ^ 

Fig.  1.  An  example  of  the  cnanges  in  reflec¬ 
tivity  during  etching  of  a  Pt/PZT/Pt  stack. 


The  etch  rate  was  determined  by  measuring  the  time  necessary  to  remove  the  Pt  or  PZT 
film  with  the  laser  end  point  detection  system.  The  film  thickness  was  determined  by  a 
surface  scan  method  (Alphastep  200).  Figure  1  shows  an  example  of  ihe  rellectancc  of  the 
wafer  surface  as  a  function  of  etching  time.  The  typical  refleciar—  'unges  indicating  the 
Pt/PZT  and  PZT/Pt  transitions  are  also  shown.  These  transitions  \  were  determined  by 
inspecting  the  wafers  etched  for  times  corresponding  with  these  specific  points  on  the 
reflectance  curve. 


3.  Etching  of  PZT  and  Pt  films 

The  influence  of  the  various  RIE  process  conditions  on  the  etch  rate  were  studied  for  Pt 
on  sol-gel  PbZro53Tio4703  films  and  for  PZT  on  annealed  Pt  films.  The  investigations  inclu¬ 
ded  the  effect  of  RF  power  setting,  pressure  in  the  system  during  etching  and  the  CF4-Ar 
gas  flow  ratio  of  the  gas  fed  into  the  reactor. 

Figure  2  shows  for  PZT  as  well  as  for  Pt  etched  in  CFj-Ar  (4:1)  that  the  etch  rates 
increased  with  the  RF  power  setting.  As  the  power  increased,  both  the  flux  of  ions  to  the 
substrate  and  their  energy  increased,"  "  The  increase  in  etch  rate  with  power  therefore 
indicates  that  for  both  materials  the  rate  was  predominantly  determined  by  the  ion  bom¬ 
bardment  and  that  the  flow  of  fluorine  containing  species  was  not  rate  limiting.  Similar 
increases  of  the  etch  rate  with  RF  power  setting  have  been  observed  in  this  machine  for 
other  materials,  e.g.  SiOj  (See  Table  I). 

Figure  3  shows  the  dependence  of  the  etch  rate  on  the  CFj-Ar  gas  flow  ratio  of  the  gas 
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Fig.  2.  The  etch  rate  for  PZT  (O)  and  Pt 
(•)  as  a  function  of  RF  power  using  a 
CF,-Ar  gas  flow  ratio  4: 1 .  Total  gas  flow 
rate  was  20  seem  and  pressure  was  1  Pa. 


Fig.  3.  PZT  and  Pt  etch  rate  as  a  function 
of  the  CFj-Ar  gas  flow  ratio  at  1  Pa  and 
100  and  200W  RF  power  setting.  The 
etch  rate  for  Pt  is  given  for  both  bottom 
(o)  and  top  electrode  (■). 


fed  into  the  etch  system.  The  etch  rate  for  both  PZT  and  Pt  was  nearly  constant,  with  a 
about  a  factor  5  higher  etch  rate  for  PZT.  Only  in  100%  Ar,  the  etch  rate  for  PZT  is  com¬ 
parable  to  that  of  Pt  which  shows  that,  as  expected,  in  Ar  both  materials  were  removed  by 
the  ion  bombardment  of  Ar*  ions.  When  a  small  quantity  of  CF4  is  added  to  the  plasma, 
the  ion  bombardment  induced  damage  (e.g.  bond  rupture)  increasing  the  probability  of  a 
chemical  reaction  of  the  PZT  with  fluorine  reactive  species  present  at  the  PZT  surface.  The 
fact  that  larger  quantities  of  CF,  did  not  increase  the  etch  rate  also  shows  that  the  flow  of 
fluorine  species  was  not  rate  determining.  There  is  no  chemical  enhancement  for  Pt  and  the 
etching  is  caused  by  ion-bombardment  only.  This  was  also  shown  in  reactive  ion  beam 
sputter  experiments  for  Pt  in  a  CFjCl-Ar  mixtures.* 

Figure  3  also  shows  that  the  etch  rate  for  the  bottom  Pt-electrode  and  the  top  Pt-elec- 
trode  material  is  the  same.  This  means  that  in  this  respect  the  bottom  electrode  was  not 
effected  by  the  heating  processes  necessary  for  making  the  PZT  films. 

The  dependence  of  the  etch  rate  for  both  materials  on  the  total  pressure  in  the  etch 
chamber  was  also  studied.  In  general  an  increase  in  pressure  decreases  the  ion  bom¬ 
bardment  energy  and  increases  the  flux.  For  PZT  the  etch  rate  decreases  with  pressure, 
confirming  that  the  rate  was  determined  by  the  ion-bombardment.  For  Pt,  a  maximum  at 
about  4  Pa  is  found.  At  higher  pressures  (>5  Pa),  a  redeposition  of  material  on  the  wafer 
surface  was  clearly  observable.  This  resulted  in  a  decrease  of  the  etch  rate  for  both  Pt  and 
PZT  and  in  an  increase  in  roughness  of  the  PZT. 


3.1.  Effect  of  PZT  composition  and  morphology. 

Table  1  gives  at  four  RF  power  settings  the  etch  rate  for  the  three  types  of  PZT  and  for 
the  other  materials  relevant  to  the  fabrication  of  integrated  ferroelectric  capacitors.  The 
etch  rates  for  sol-gel  PbZro^jTio^jOj  and  PbZrpjjTio^Oj  were  identical  while  that  for  the 
OMCVD  material  is  about  20%  lower.  This  could  be  caused  by  the  higher  density  of  the 
OMCVD  material  compared  to  the  sol-gel  material.  A  higher  porosity  could  give  more 
chemical  reactive  sites  thus  increasing  the  chemical  enhancement  for  the  sol-gel  compared 
to  the  OMCVD  films.  Similar  decreases  in  etch  rate  with  increased  density  has  been 
observed  for  Si02  prepared  by  CVD  techniques  and  annealed  at  different  temperatures.'’ 
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Table  I 


The  etch  rate  for  PZT,  Pt,  photoresist  and  SiC)2  in  nm/min  at  four  RF  power  settings. 
The  pressure  is  1  Pa.  the  CF4-Ar  gas  flow  ratio  is  4:1  and  the  total  flow  rate  is  20  seem. 
The  different  PZT  materials  are  discussed  in  the  text. 


50  W 

100  w 

150  W 

200  W 

PbZrosiTiflivOj,  sol-gel 

10 

19 

30 

44 

PbZro35Tio6503,  sol-gel 

11 

19 

33 

47 

PbZro  jyTio^jOj,  OMCVD 

- 

17 

25 

33 

Pt 

3 

5 

8 

10 

Photoresist 

29 

- 

- 

SiO, 

- 

33 

50 

- 

4.  Ferroelectric  stack  patterning 

The  ferroelectric  capacitors  were  fabricated  from  the  blanket  Pt/PZT/Pt  stack  using  a 
photolithographic  process.  A  masking  layer  was  deposited  on  top  of  the  stack  to  protect  the 
underlying  Pt/PZT/Pt  sandwich  from  being  removed  in  the  etching  process.  It  is  essential 
that  after  etching  the  masking  material  can  be  removed  without  damaging  the  etched 
structures.  Organic  photoresists,  oxides  and  metals  can  be  used  as  masking  materials  for 
RIE.  Here  we  only  discuss  results  using  organic  photoresists. 

In  IC  technology,  an  organic  photoresist  materials  is  preferred  because  it  can  easily  be 
applied  by  spin-coating  and,  in  pnneipie,  easily  removed,  e.g.  by  stripping  in  a  solvent  or 
in  an  Oj  plasma  etcher  and  it  does  not  require  additional  process  steps.  The  possibility  to 
make  use  of  a  organic  photoresist  in  the  structuring  of  a  ferroelectric  capacitor  is  important 
in  effecting  a  simple  technology  with  the  same  basic  technologies  as  used  in  1C  fabrication. 


4.1.  Photoresist  behaviour  in  CF,/Ar  plasmas. 

The  photoresist  (HPR204,  Shipley)  is  spun  on  the  ferroelectric  stack,  resulting  in  a  1,6 
fim  thick  film.  After  exposure  and  development  small  photoresist  patterns  are  obtained. 
During  RIE,  the  photoresist  mask  layer  interacted  with  the  plasma  in  different  ways, 
resulting  in  degradation  of  the  mask.  Observed  effects  are  etching,  thermal  degradation  and 
redeposition  processes,  which  are  discussed  below. 

1 .  The  data  from  Table  I  show  that  the  photoresist  was  etched  at  a  faster  rate  than  Pt  and 
PZT.  Consequently,  the  photoresist  film  has  to  he  substantially  thicker  than  the 
Pt/PZT/Pt  stack. 

2.  During  reactive  ion  etching,  the  wafers  are  heated  by  the  ion  bombardment,  depending 
on  the  etching  conditions.  Excessive  photoresist  heating  results  in  melting  effects  and 
locally  this  leads  to  much  thinner  photoresist  film  and  the  possibility  of  damage  to  the 
underlying  Pt  during  RIE.  Excessive  heating  can  also  cause  carbonization  of  the 
photoresist,  which  makes  it  difficult  to  remove  the  photoresist  by  dissolving  it  in 
organic  solvents. 

3.  The  relatively  low  volatility  of  the  fluorides  and  the  formation  of  teflon-like  products 
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can  cause  redeposition  of  the  photoresist  material  during  etching.  At  the  edge  of  the 
photoresist  areas,  the  low  impact  angle  of  the  ion  flux  allows  the  build  up  of  the 
redeposited  material. 

Using  RIE  conditions  that  minimize  the  heating  effects  on  the  photoresist  (low  RF  power 
setting  (SOW)  and  low  pressure  (1  Pa)),  Table  I  shows  that  the  ratio  between  the  etch  rate 
for  photoresist  and  PZT  was  about  3  and  that  of  photoresist  and  Pt  was  about  10.  This 
would  mean  that  for  a  stack  with  a  70  nm  Pt  bottom  and  top  electrode  and  290  nm  PZT  a 
photoresist  film  of  at  least  2.1  utti  is  necessary  to  protect  the  underlying  material.  It  was 
found,  however,  that  1.6  ^m  was  sufficient,  leaving  a  0.2iim  photoresist  film  after  etching. 
Because  the  etch  rate  for  the  photoresist  was  determined  seperately,  and  not  in  combination 
with  PZT  or  Pt,  this  can  only  be  explained  by  assuming  that  the  photoresist  was  modified 
when  etched  simultaneously  with  Pt  and  PZT  by  reaction  products  resulting  in  an  decrease 
of  the  etch  rate. 

After  photoresist  stripping  the  thin  edge  of  redeposited  material  was  clearly  observable. 
The  redeposited  material  cannot  be  removed  using  standard  photoresist  stripping  solvents  or 
O2  plasmas.  Using  solvents  at  elevated  temperatures  with  ultrasonic  agitation  it  was 
possible  to  remove  this  redeposited  material  almost  completely. 

4.2.  Ferroelectric  capacitor  etching. 

In  order  to  study  how  the  etching  proceeds  during  the  structuring  of  the  Pt/PZT/Pt  stack, 
the  process  was  stopped  at  intervals  so  the  etched  structures  could  be  investigated.  Figure 
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Fig.  4.  SEM  micrograph  made  after  different  stages  in  the  reactive  ion  etching  of  a 
Pt/PZT/Pt  stack  for  the  preparation  of  a  5x5/rm’  capacitor  (sol-gel  PZT  53/47).  Etching 
conditions;  1  Pa,  50  W,  CF^-Ar  gas  flow  ratio  4:1.  a)  Pt  top  electrode  etched;  b)  50%  of 
the  PZT  film  etched;  c)  the  complete  PZT  film  etched;  d)  After  etching  the  bottom  Pt 
electrode. 
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4  shows  how,  as  the  etching  proceeds,  the  capacitor  was  gradually  formed,  't  he  photoresist 
was  stripped  using  the  solvent  at  elevated  temperatures  with  ultrasonic  agitation,  as 
discussed  above. 

Figure  4a  shows  the  situation  when  only  the  Pt  top  electrode  is  etched  and  the  surface  of 
the  PbZroj3Tio,703  is  bare.  Atomic  Force  Microscopy  measurements  show  that  the  PZT 
surface  had  height  variations  of  about  10-20nm.  The  distribution  of  these  variations 
corresponds  with  the  surface  morphology  of  the  PZT  shown  in  Fig.  4a.  These  in¬ 
homogeneities  are  re’ited  to  to  the  crystallization  process  of  the  PbZro},Tio4703  films  used 
in  this  study.'-’  and  are  found  at  the  edges  of  the  crystals  growing  in  the  amorphous  as- 
deposited  sol-gel  film.  Figure  4b  and  4c  shows  the  etched  stucture  after  S0%  and  100%  of 
the  PZT  film  has  been  etched,  respectively.  The  70nm  bottom  electrode  is  still  continuous 
after  PZT  etching  because  the  thickness  inhomogeneities  are  small  (<  S  nm)  when 
transferred  into  the  Pt.  Figure  4d  shows  the  completely  etched  capacitor  after  the  etching  of 
the  Pt  bottom  electrode.  A  relatively  smooth,  homogeneous-looking  Si07  surface  is 
obtained  (Fig.  4d),  with  a  surface  roughness  determined  by  AFM  to  be  similar  to  or 
smaller  than  that  of  the  PZT  as  expected  from  the  somewhat  higher  etch  rate  of  SiO,  as 
compared  to  PZT. 

5.  Conclusion 

The  preparation  of  micrometer-sized  integrated  Pt/PZT/Pt  ferroelectric  capacitors  has 
been  demonstrated  using  anisotropic  reactive  ion  etching  in  a  CF,/Ar  plasma.  The  etch  rate 
for  Pt  was  determined  by  ion-bombardment,  while  for  PZT  a  large  chemical  enhancement 
was  found.  This  allowed  for  selective  etching  of  the  PZT  and  a  stop  of  the  etching  process 
at  the  Pt  bottom  electrode.  Conventional  photoresist  can  be  used  as  masking  material 
provided  that  the  power  of  the  plasma  is  low.  During  etching,  a  redeposition  of  etching 
products  occurred  at  the  side  wall  of  the  photoresist  mask.  This  deposit  was  difficult  to 
remove;  the  best  results  were  obtained  using  solvents  at  elevated  temperatures  with 
ultrasonic  agitation.  Removing  etch  deposits  still  requires  further  process  optimization. 
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ABSTRACT 

In  this  work,  we  have  identified  a  suitable  etch  gas  (CCIjFj)  for  Reactive  Ion  Etching  (RIE)  of  PZT 
thin  films  on  RuO^  electrodes.  The  etch  rate  and  anisotropy  have  been  studied  as  a  function  of  etching 
ccmditions.  The  effect  of  gas  pressure,  RF  power  and  Oj  ctmcentration  on  the  etch  rate  have  been 
determined.  It  was  found  that  ion  bombardment  effects  are  primarily  responsible  for  the  etching  of  both  PZT 
and  RuOi  thin  films.  Etch  rates  of  the  order  of  20-30  rjn/min  were  obtained  for  PZT  thin  films  under  low 
gas  pressure  and  high  RF  power  conditions.  The  etch  residues  and  the  relative  etch  rates  of  the  components 
of  the  PZT  solid  solution  were  determined  using  XPS.  The  results  show  that  the  etching  of  PbO  is  the 
limiting  factor  in  the  etch  process.  For  RuOi  thin  films,  etch  rates  of  the  order  of  8-10  nm/min  were 
obtained  when  was  added  to  the  etch  gas. 


INTRODUCTION 

f  ^ad  Zirconate  Titanate  (PZT)  ferroelectric  thin  films  are  potential  candidates  for  nonvolatile  and 
dynamic  random  access  memory  applications  as  a  result  of  their  promising  electrical  properties  and 
applicability  in  a  wide  range  of  temperatures.  However,  several  problems  need  to  be  overcome  before  the 
integration  of  a  PZT  ferroelectric  thin  film  capacitor  into  the  existing  semiconductor  VLSI  Some  of  these 
issues  include  the  degradation  of  the  ferroelectric  capacitor  and  the  need  for  improvement  of  the  existing 
processing  techniques  to  obtain  the  optimum  properties' 

One  of  the  key  processing  issues  involved  in  the  integration  of  PZT  thin  film  based  capacitors 
into  the  existing  VLSI  is  the  etching  of  these  films  and  the  associated  electrodes  It  is  preferable  to  use 
the  Reactive  Ion  Etching  (RIE)  for  VLSI  applications  because  of  the  large  etch  anisotropy,  high  resolution 
and  the  high  etch  uniformity  that  they  offer  For  RIE  of  PZT  thin  films,  it  is  important  to  identify  a  suitable 
etch  gas  that  can  etch  all  three  components  of  the  PZT  solid  solution-  PbO,  ZrO;  and  TiO;-  at  reasonable 
etch  rates  and  a  common  etch  gas  for  both  the  electrodes  and  the  ferroelectric  material  so  as  to  facilitate 
stack  capacitor  etching. 

Recently,  there  has  been  a  considerable  amount  of  interest  in  conductive  oxides  such  as  RuO^  for 
electrodes  in  PZT  thin  film  capacitors’  as  a  result  of  their  reduced  fatigue  We  have  therefore  chosen  to  use 
RuO,  electrodes  for  PZT  thin  film  capacitors.  Poor  et  al*  have  reported  plasma  etching  of  PLT  thin  films 
in  CF4  and  HCl  plasmas.  However,  to  obtain  high  etch  rates,  substrate  healing  was  necessary  in  their 
process.  Saito  et  al.*  have  etched  RuO;  using  Reactive  Ion  Etching  with  a  CF/O,  plasma.  In  this  study,  we 
have  examined  the  feasibility  of  using  CCLFj/O;  as  an  etch  gas  for  RIE  of  PZT  thin  film  capacitors.  The 
trends  in  the  etch  rates  of  these  films  have  been  studied  as  a  fimetiem  of  etch  parameters  such  as  RF  power, 
gas  pressure,  gas  flow  rate  and  percentage  O;  content  in  the  chamber .  The  etch  residues  at  the  end  of  the 
etch  process  have  been  studied  using  XPS 


EXPERIMENTAL  PROCEDURE 

Thin  films  of  PZT  (53/47)  were  deposited  to  a  thickness  of  180-200  nm  on  Pt  (500  nm)  coated 
Si/SiOj  substrates  using  the  sol-gei/spin  coating  method.  The  PZT  precursor  was  prepared  from  a 
metallorganic  solution  (0.4M)  of  lead  acetate,  zirconium  n-propoxide  and  titanium  iso-propoxide  dissolved 
in  acetic  acid  and  n-propanol.  The  method  of  preparing  the  jweeursor  is  similar  to  that  suggested  by  Yi  et 
al‘;  more  details  regarding  the  method  of  preparation  can  be  (Stained  from  this  reference.  The  coated  films 
were  annealed  at  600“C  for  30  min  to  form  the  PZT  perovskite  phase. 
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RuO;  thin  films  were  reactively  sputtered  to  a  thickness  of  ^00  nm  onto  Si-SiO.  m  an  areon-oxs^en 
ambient  at  a  gas  pressure  of  10  mTorr  and  a  substrate  temperature  of  200T  The  films  were  etched  arter 
suitable  masking  using  positive  photoresist  in  a  fUE-lC  (Samco)  etcher  The  thickness  of  matenal  etched 
was  determined  using  a  WYKO  3D  profilometer.  The  surface  composition  before  and  arter  the  etch  w;ls 
determined  using  XPS  and  the  etch  anisotropy  was  evaluated  using  SEM. 

RESULTS  AND  DISCUSSION 

Since  the  PZT  solid  solution  consists  of  three  components  (PbO.  ZrO>  and  TiOj).  the  overall  etch 
rate  is  dependent  on  the  Zr/Ti  ratio  and  the  concentration  of  excess  lead.  This  is  because  of  the  diffenng 
volatilities  of  the  fluorides  and  chlorides  of  the  constituent  elements.  In  this  study  we  have  examined  the 
etch  characienstics  of  only  PZT  films  with  compositions  close  to  the  morphotrophic  phase  boundary  No 
substrate  heating  was  used  to  avoid  the  loss  of  lead  from  the  masked  areas  which  could  result  in  degradation 
of  the  films  high  temperarures.  The  etching  was  performed  on  water  cooled  substrate  holders  dess  than 
look'd  to  avoid  excessive  heating  from  the  plasma.  The  critical  etch  parameters  studied  were  the  gas 
pressure.  RF  power  and  the  effect  of  O;  addition  to  the  CCKF^  plasma.  Since  the  objective  was  to  etch  the 
complete  ferroelectric  stack  capacitor  in  a  single  run.  the  etch  rate  of  RuO^  was  also  studied  und  *r  the  same 
conditions  as  the  PZT  films.  The  range  of  the  values  of  the  parameters  were  chosen  so  as  to  observe  the 
general  trends  in  etching  of  these  films  wath  varying  conditions.  The  parameter  values  were  also  limited  by 
the  stability  of  the  plasma. 

Figure  1  shows  the  trend  in  etch  rate  of  PZT  films  with  increasing  flow  rate  of  CCKFj  gas  in  the 
etch  chamber.  The  flow  rate  of  the  gas  in  the  chamber  was  not  independent  of  the  gas  pressure  and 
therefore  its  effect  on  the  etch  rate  is  a  direct  indication  of  the  gas  pressure  effects  For  the  flow  rate 
regime  investigated,  the  gas  pressure  variation  was  typically  80-200  mTorr.  The  etching  was  performed  at 
fixed  RF  power  values  of  150  W  and  200  W  As  can  be  seen  from  Figure  I.  the  etch  rate  decreases  with 
increasing  flow  rate  of  the  gas.  Also,  at  low  flow  rates,  higher  etch  rates  are  observ  ed  at  higher  RF  power 
The  RF  power  does  not  have  any  significant  effect  on  the  etch  rate  at  high  flow  rates  Tvpical  etch  rates 
obtained  under  conditions  of  low  flow  rates  and  high  power  were  in  the  range  of  20-30  nnvmin  The 
decreasing  trend  of  the  etch  rate  with  increasing  flow  rare  indicates  that  the  primary  mtehamsm  of  etching 
in  these  films  is  by  ion  bombardment.  At  high  gas  pressures/flow  rate  there  is  a  decrease  in  the  sheath 
potential*  and  thereby  a  reduction  in  the  number  of  ions  participating  in  the  etch  process.  In  effect,  this 
decreases  the  energy  of  ion  bombardment  and  consequently,  the  etch  rate. 


The  effect  of  RF  power  on  the  etch  rate  of  PZT  films  is  shown  in  Figure  2.  In  general,  the  etch 
rate  increased  with  increasing  RF  power.  It  is  well  known  that  with  an  increase  in  the  RF  power,  the  sheath 
potential  and  the  concentration  of  the  reactive  ions  increase*.  The  effect  of  gas  pressure  on  the  etch  rate  at 
different  power  values  (Figure  I)  does  suggest  that  the  increase  in  etch  rate  with  RF  power  is  due  to  the 
increase  in  sheath  potential.  The  notable  feature  however  is  the  actual  value  of  the  etch  rate  At  a  gas 
pressure  of  100  mTorr,  O,  content  of  15  %  and  RF  power  as  high  as  200  W,  an  etch  rate  of  the  order  of 
30  om/min  was  obtained.  At  lower  gas  pressures  and  higher  power,  however,  the  plasma  was  very  unstable. 
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Figure  2:The  effect  of  RF  power  on  the  etch  rate  of  PZT  thin  films  at  constant  gas  pressure. 

Figure  3  shows  the  effect  of  O,  addition  on  the  etch  rate  of  PZT  films  at  vanous  gas  pressures 
In  general,  there  is  a  peak  in  the  etch  rate  with  varying  content  at  a  particular  gas  pressure  At  low  gas 
pressures,  it  was  found  that  the  etch  rate  dropped  significantly  with  increasing  O.  content  m  the  chamber. 
O.  addition  in  small  amounts  is  known  to  enhance  the  etch  rate  in  the  case  of  SiO.  etching*.  In  our  case, 
we  can  expect  a  mechanism  of  etching  similar  to  that  in  $iO;.  At  lower  gas  pressures,  the  addition  of  small 
amounts  of  O,  enhances  the  etch  rate  of  the  PZT  films  possibly  by  causing  reduction  in  the  recombination 
of  the  radicals.  However,  at  higher  Oj  content,  the  etch  gas  is  diluted  and  therefore  the  etch  rate  is  reduced. 
Addition  of  O.  to  the  etch  gas  at  high  gas  pressures,  tends  to  reduce  the  number  of  radicals  participating 
in  the  etch  process  near  the  sheath  region.  The  effective  impact  energy  of  the  ions  participating  id  the 
sputtenog  is  therefore  mcreased  as  a  result  of  reduced  collisions. 

The  etch  anisotropy  under  various  etching  conditions  was  studied  using  the  SEM.  Figure  4  is  an 
SEM  micrograph  of  a  sample  etched  under  conditions  of  tow  gas  pressure  and  low  RF  power.  Under  these 
cooditioQS  we  found  the  etch  profile  to  be  anisotropic.  At  high  gas  pressures  and  high  RF  power,  the  etch 
profile  was  more  isotropic.  Since  the  primary  etch  mechanism  is  by  ion  bombardment,  one  can  expect  high 
anisotropy  at  low  gas  pressures.  However,  at  high  RF  power,  the  energy  of  the  bombarding  ions  are  very 
high,  leading  to  significant  damage  of  the  etched  surface. 

The  composition  of  the  etched  surface  was  determined  as  a  function  of  etch  time  using  XPS 
(Xratos  XSAM  800)  using  a  13  kV  Mg  Ka  source  and  the  standard-less  ratio  method  was  used  for 
quantative  analysis.  For  this  study,  the  etching  was  performed  on  a  single  sample  (1cm  x  I  cm)  without  any 
overlying  mask.  The  etching  was  done  under  the  conditions  of  150  W  RF  power.  100  mTorr  gas  pressure 
and  15  percent  O;  content  in  the  chamber.  An  initial  surface  analysis  was  performed  on  the  sample  before 
the  etching  process  and  subsequent  analyses  was  done  at  predetermined  intervals  dunng  etching.  Figure 
5(a)  is  a  comparison  of  the  ESCA  wide  scan  before  and  after  the  etch  process.  The  components  of  the  PZT 
solid  solution  clearly  seem  to  be  completely  etched  out  at  the  end  of  the  etch  process  However,  at  the  end 
of  this  process,  Cl  and  F  residues  are  present  on  the  surface  of  the  sample.  These  residues  were  removed 
easily  by  baking  the  sample  at  100°C  for  30  min.  Figure  5(b)  is  a  plot  of  the  relative  atomic  concentration 
of  Pb,  Zt  and  Ti  as  a  ftinction  of  etch  time.  The  concentr.  tions  of  these  elements  were  determined  using 
the  standard-less  ratio  method  and  more  details  regarding  this  method  can  be  obtained  from  Ref  8.  This 
plot  is  a  clear  indication  of  the  relative  etch  rates  of  the  three  components  in  the  PZT  solid  solution. 
Initially,  the  relative  atomic  concentration  of  Zr  and  Ti  decreases  quite  rapidly.  The  narrow  scan  results 
show  that  after  the  first  30  seconds  of  etching  under  these  conditions,  there  is  a  continuous  decrease  in  the 
Zr  concentration  while  the  relative  Ti  concentration  appears  to  be  nearly  constant.  It  is  evident  from  Figure 
5(b)  that  the  etch  rate  of  PbO  is  the  limiting  factor  in  the  etching  of  PZT  thin  films  and  therefore  any  post 
etch  residues  are  primarily  due  to  the  PbO. 

The  chlorides  of  Zr.  Ti  and  Pb,  have  higher  vapor  pressures  compared  to  the  corresponding 
fluorides  at  the  etching  temperature  (lOO^C)  and  therefore  we  expect  the  primary  volatile  by-products  to 
consist  of  the  chlorides.  However,  the  actual  presence  of  these  compounds  in  the  by-products  have  not  yet 
been  identified  experimentally.  The  vapor  pressure  of  the  chlorides  decreases  in  the  order  of  TiCI,  >  ZrCl, 
>  PbCIs 

The  etching  of  RuO,  thin  films  were  studied  under  similar  reactor  configuration  and  etching 
conditions.  In  the  past,  Saiio  et  al.^  have  investigated  the  reactive  ion  etching  characteristics  of  MOD  RuO. 
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Figure  3:The  eich  rate  of  PZT  films  as  a  funaion  of  %  O2  in  the  etch  gas. 


Figure  4:  SEM  micrograph  of  a  PZT  thin  film  sample  showing  the  high  etch  anisotropy 


Figure  5  (a):The  ESCA  wide  scan  of  the 
PZT  film  surface  before  and  after  the  etch 
process. 


J  J  •  >  ^  T  « 


Figure  5  {lj):'nie  composition  of  the  PZT  film  surface 
as  a  funaion  of  etch  lime  as  determined  from  the 
ESCA  studies 
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thin  films  using  CF«/0>  plasma  They  have  reported  that  RuO,  and  RuF,  are  volatile  compounds  that  torm 
as  by  products  during  the  etching  of  RuO>  Figure  6  shows  the  effect  of  increasing  flow  rate  gas  pressure 
on  the  etch  rate  of  RuO>  thin  films  at  two  different  RF  power  values  in  pure  CChF.  gas  As  in  the  case 
of  PZT  films,  the  etch  rate  decreases  with  increasing  gas  pressure,  indicating  that  lon-bombardment  effects 
are  responsible  for  the  etching  of  these  films.  The  actual  values  of  the  etch  rates  were  however  significantly 
lower  than  that  of  the  PZT  films.  Typically,  without  any  O,  addition  in  the  chamber,  etcii  iaie»  oi  the  order 
of  7.5'8.0  nm/min  were  obtained  at  low  gas  pressures  and  high  power  With  the  addition  of  O,  (30%)  to 
the  etch  gas,  as  shown  in  Figure  7,  there  was  a  considerable  amount  of  increase  in  the  etch  rate  at  lower 
gas  pressures  RuO.  can  react  with  oxygen  ions  in  the  pta^a  to  produce  volatile  RuO,  RuO/  The  ton 
derivatives  of  the  CCI.F.  gas  are  responsible  only  for  bombardment/sputteiing  of  the  reaction  products  It 
is  unlikely  that  fluoride  and  chloride  derivatives  of  Ru  will  be  removed  as  volatile  by-products  in  significant 
amounts  in  comparison  to  RuO^/RuO^  because  of  the  relatively  higher  boiling  point  of  the  former  In  the 
absence  of  any  O.  in  the  etch  gas.  the  etching  process  is  an  icm-induced  phenomena  (etching  occurs  by  ion 
bombardment)  as  evident  from  the  gas  pressure  effects  This  is  also  confirmed  by  the  RF  power  effects 
on  the  etch  rate,  as  shown  in  Figure  8.  Increasing  the  RF  power  increases  the  energy  of  the  impacting  ions 
thereby  increasing  the  etch  rate.  When  O,  is  added  to  the  etch  gas,  the  etching  mechanism  becomes  an  ion- 
enhanced  phenomena  t.e.,  the  bombarding  ions  assist  in  the  reaction  of  O,  wi'h  RuO.  films  and  in  the 
removal  of  the  by-products  formed  thereafter 

If  the  capacitor  is  to  be  etched  in  a  single  rxm.  then  the  only  concern  regarding  the  selectivity  in 
the  etching  process  is  between  the  bottom  electrode  and  the  substrate.  High  selectivity  can  be  obtained  by 
etching  the  RuO,  bottom  electrode  in  an  O,,  enriched  plasma  Since,  ion  bombardment  eftects  are  pnmanly 
responsible  for  the  etching  of  PZT  and  RuO,  fi’ms.  it  is  favorable  to  use  a  low  gas  pressure  and  high  RF 
power  to  obtain  high  rates  However,  the  RF  power  needs  to  be  optimized  to  obtain  high  anisotropy  w  ifhout 
any  mask  damage 

SUMMARY 

Thin  films  of  PZT  aiid  RuO.  have  been  successfully  etched  using  CCl.F,  as  the  etch  gas  The  etch 
parameters,  namely,  gas  pressure.  %  O.  ccmtent  and  RF  power,  have  been  optimized  to  obtain  high  rates 
(-  25-30  nm/min  for  PZT  and  8-10  nm/min  for  RuO.)  and  good  anisotropy  during  etching  It  was  observed 
that  low  gas  pressures  favor  high  etch  rates  of  PZT  and  RuO.  films  indicating  that  ion  bombardment  is  the 
primary  mechanism  of  etching  in  these  films  Also,  low  RF  power  and  low  gas  pressures  fa\  ored  anisotropic 
etching.  The  relative  etch  rates  of  the  components  of  PZT  films  have  been  determined  by  studying  the 
surface  composition  as  a  function  of  etch  time  using  XPS  It  has  been  determined  that  the  etch  rate  of  PbO 
is  the  limiting  factor  in  the  etching  process  The  XPS  studies  also  revealed  small  amounts  of  fluorine  and 
chlorine  surface  residues  at  the  end  of  the  etch  process  that  were  removed  easily  by  low  temperature 
baking.  In  the  case  of  RuO.  thin  films,  there  is  an  increase  in  the  etch  rate  with  O.  addition  to  the  etch 
gas.  possibly  due  to  the  formation  of  volatile  RuO, /RuO,  compounds 
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ABSTRACT 

Wet  chemical,  reactive  ion  etching  and  reactive  lon-beam  etching  of  sol-gel  prepared 
PZT  (54/46)  [Pb(Zr,Ti)03].  Lanthanum  doped  PZT  [PLZi^  (9/65/35)1  and  LiTaOa  have 
been  investigated.  Wet  chemical  etching  using  an  HCI-HF  solution,  reactive-ion  etching 
using  a  SFg  plasma  and  chemically  assisted  lon-beam  etching  (CAIBE)  using  a  xenon  plasma 
and  chlorine  reactive  gas  were  used.  Etch  rates  lor  each  method  were  determined  ai.d  ‘he 
ability  to  define  small  features  in  the  thin  film  ferroelectric  was  investigated.  It  was  found 
that  for  structures  smaller  than  approximately  20  X  20  pm^.  chemically  assisted  ion  beam 
etching  provided  by  far  the  best  results.  3X3  pm^  capacitor  and  2  pm  wide  optical 
waveguide  structures  in  PZT.  PLZT  respectively,  were  successfully  fabricated  using  a  CAIBE 
system.  An  etch  depth  monitor  enabled  accurate  in-situ  etch  rate  monitoring  of  the  PLZT 
and  PZT  thin  films. 


INTRODUCTION 

Sol-gel  prepared  ferroelectric  Pb(ZrxTii.x)03  thin  films  have  been  Ihe  objeci  of  much 
interest  due  to  the  relatively  inexpensive  and  simple  material  preparation  (1.21.  The  use  ot 
thin  film  ferroelectrics  in  nonvolatile  memory,  sensing  and  optical  devices  has  demanded  the 
use  of  a  variety  of  etching  techniques  such  as  RIE,  wet  chemical  and  ion-beam  milling.  The 
ability  to  integrate  thin  film  PZT  and  PLZT  on  silicon  or  GaAs  (3]  with  sophisticated  signal 
processing  circuitry  requires  the  ability  to  define  small  feature  structures  such  as 
capacitors,  optical  waveguides  [2.4).  and  sensing  devices  that  include  micropressure 
sensors  and  pyroelectric  detectors  [1]. 

The  rough  edges  and  widely  varying  etch  rates  obtained  using  wet  chemical  etching 
inhibit  device  processing  and  performance.  Reactive-ion  etching  of  these  films  requires 
elevated  temperatures  that  also  complicate  device  processing.  The  use  of  chemically- 
assisted  ion  beam  etching  provides  an  anisotropic,  low  temperature,  rapid  etch  technique 
that  provides  smooth  edges  and  sidewalls  and  is  an  attractive  candidate  for  thin  ferroelectric 
device  integration.  The  ability  to  stop  the  thin  film  etch  is  also  important  in  optical 
waveguide  fabrication.  The  modeling  of  ferroelectric  optical  planar,  ridge  and  buried  ridge 
guides  indicates  that  in  many  cases  the  ferroelectric  thin  film  does  not  have  to  be  completely 
etched  and  is  sometimes  desirable  to  stop  the  etch  before  reaching  the  bottom  cladding  layer 
[5].  Fabrication  of  these  strip-loaded  optical  waveguides  designs  requires  the  ability  to 
monitor  the  etch  rate  and  depth  during  the  etch.  The  CAIBE  system  described  in  this  paper 
incorporates  and  in-situ  optical  etch  rate  monitor  that  allows  the  etch  to  be  stopped  within 
0.1  nm  of  the  desired  depth. 


SAMPLE  PREPARATION 

Silicon  (100)  and  (111)  p-type  2”  wafers  of  approximately  300  pm  in  thickness  were 
used  in  this  investigation.  Several  substrates  were  sputter  deposited  with  2500  A  of  Pt  for 
electrical  characterization.  Other  samples  were  thermally  oxidized  with  1  pm  of  S1O2 
which  served  as  a  bottom  cladding  layer  lor  optical  waveguiding  characterization.  The 
platinum  coated  wafers  were  cleaned  in  an  acetone-methanol,  Dl  rinse  followed  by  a  soft 
bake  at  200  C  for  10  minutes  just  prior  to  sol-gel  deposition.  The  oxidized  wafers  were 
processed  similarly  with  an  initial  HF  dip  and  rinse.  In  the  process  of  preparing  the  PLZT 
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films  Zr  propoxide  and  Ti  isopropoxide  type  were  used  m  a  reaction  with  lead  and 
lanthanum  acetate.  LiTaOa  precursors  were  lithium  acetate  and  tantalum  acetate  The 
synthesized  solutions  were  then  partially  hydrolyzed  in  preparation  for  spin  coating  Tlie 
hydrolysis  of  the  PLZT  was  found  to  be  much  quicker  than  that  associated  with  PZT  solutions 
also  piepared  in  our  luooratory  [1|.  Spin-coating  was  done  at  2000  rpm  for  60  seconds 
for  each  coat.  The  samples  were  subsequently  dried  and  annealed  at  200  C  for  20  minutes 
Each  layer  contributed  a  film  thickness  of  about  600  A.  measured  after  the  final  anneal 
Thicker  films  were  prepared  by  depositing  multiple  layers  with  an  intermediate  anneal  at 
450  °C  for  15  minutes  A  final  anneal  of  the  films  at  650  C  lor  10  minutes  completed  the 
deposition  process.  The  PLZT  thin  films  required  an  intermediate  PLT  buffer  layer  (10“o 
Lanthanum)  for  crystallization  and  adhesion  of  the  PLZT  thin  films  [4]. 


WET  CHEMICAL  ETCHING 

Wet  chemical  etching  of  the  samples  was  first  investigated  as  a  means  of  defining  the 
various  geometry's  which  included  capacitor  structures  that  ranged  in  size  from  1  X  lO'^ 
cm^  to  2.5  X  10‘®  cm^.  Successful  etching  of  both  the  PLZT-PLT  film  using  a  HF-DI  1:50 
solution  in  less  than  60  seconds  was  achieved.  The  etch  rate  was  measured  to  be  5  pm  per 
minute  for  this  solution.  A  smoky  film  was  left  on  the  surface  after  the  etch  and  was  easily 
removed  with  an  HCI  rinse.  The  etchant  was  stirred  slowly  during  the  etch  and  this  seemed 
to  provide  better  uniformity  in  the  case  of  the  optical  waveguides.  The  resulting  structures 
however  were  not  promising  for  guides  less  than  500  pm  in  width  because  of  the  very  rough 
sides.  Additionally  severe  undercutting  was  observed.  For  20  pm  optical  ridge  waveguide 
structures  the  undercutting  was  observed  to  be  more  than  5  pm  on  each  side  For  the 
capacitor  structures,  inspection  with  an  optical  microscope  revealed  very  rough  edges 
resulting  from  either  anisotropic  etching  of  the  polycrystalline  films  or  some  type  of  ionic 
etching  of  ferroelecfrir  domains  in  the  material.  We  were  not  able  to  detect  any  type  of 
domain  structure  in  the  films  when  the  etched  sample  was  viewed  with  a  optical  microscope 
with  a  magnification  of  1000X. 


REACTIVE  ION  ETCHING 

A  number  of  groups  have  used  reactive-ion  etching  (RIE)  for  the  delineation  of  PZT  and 
PLZT  microstructures  [6]  (and  more  recently  [7]).  Similar  work  was  done  on  PLZT 
capacitor  and  waveguide  structures  using  a  Technics'”  PD  IIA  planar  electrode  low  frequency 
RIE  system.  Several  gases  were  used  in  the  room  temperature  plasma  etching 
experimentation  including  dichloro-difluoromethane  (CCI2R2)-  Ar.  SFg.  and  oxygen  The 
plasma  power  was  varied  between  100  W  and  200  W  and  the  chamber  pressure  was 
maintained  at  150  mTorr.  It  was  found  that  virtually  no  etching  occurred  for  substrate 
temperatures  less  than  100  C. 

The  substrate  temperature  was  elevated  with  the  addition  of  a  resistive  700  W  heater 
and  monitored  using  a  thermocouple  that  was  read  by  an  Omega'”  thermometer  via  a  feed¬ 
through  at  the  base  of  the  system.  The  etch  rate  for  a  PZT  (54/46)  thin  film  versus 
substrate  temperature  (in  CCI2F2)  is  given  below  in  Fig.  1.  As  shown  the  etch  rate 
significantly  increases  with  substrate  temperature.  The  results  for  PLZT  and  PLT  thin 
films  were  very  simila.-  and  both  materials  required  substrate  heating.  Masking  structures 
to  be  etched  at  elevated  temperatures  required  the  use  of  a  metal  mask  deposited  using  a  lift¬ 
off  procedure. 

The  maximum  temperature  used  was  3u0  C.  yielding  an  etch  rate  of  approximately  1 
pm  per  hour.  This  is  in  good  agreement  with  the  bulk  etch  rates  of  Poor  et  al  [6].  There 
were  significant  difficulties  with  masking  the  structures.  Because  the  elevated 
temperatures  make  photoresist  removal  very  difficult  a  variety  of  metals  were  patterned 
onto  the  sample  using  a  standard  liftoff  procedure.  The  metal  deposition  is  undesirable  for 
waveguide  fabrication  because  of  optical  absorption  in  the  metal,  however  is  appropriate  for 
capacitors.  The  ’T  thin  films  showed  a  higher  etch  rate  for  a  given  temperature  than  the 
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PLZT  thin  films  m  a  SFg  plasma.  Although  the  need  for  metal  mask  complicates  the 
processing 
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Figure  1.  Etch  rate  versus  substrate  temperature  of  PLZT  (54/46)  thin  tilm. 
Appreciable  etching  was  not  observed  until  the  substrate  temperature  was 
increased  to  275  C. 


somewhat  it  was  not  the  motivation  for  finally  using  the  ion-beam  etching  process,  which 
does  not  require  a  metal  mask.  The  structures  etched  in  the  RIE  exhibited  very  rough  side- 
walls.  as  observed  by  SEM,  and  proved  unacceptable  for  any  optical  waveguiding  due  to 
scattering  losses. 


ION  BEAM  ETCHING 

Chemically  assisted  ion-beam  etching  (CAIBE)  was  investigated  as  means  of  improving 
the  smoothness  of  both  the  PLZT-PLT  [4]  and  LiTa03  waveguides  and  the  PZT  capacitor 
structures.  The  system  is  illustrated  in  Fig.  2  showing  the  vacuum  load-lock,  sample 
position,  discharge  chamber  and  optical  etch  rate  monitor  apparatus. 

The  samples  were  loaded  via  a  load  lock  into  the  chamber  which  was  subsequently 
pumped  down  to  5  X  10‘T  Torr.  A  10  mW  helium-neon  laser  operating  at  633  nm  was 
focused  onto  the  sample  through  a  window  and  the  reflected  beam  was  positioned  on  a  silicon 
photodetector  as  shown  in  Fig.  2.  The  higher  index  of  refraction  of  the  PLZT  layer  relative 
to  the  underlying  Si02  layer  causes  light  to  be  reflected  from  both  the  top  and  bottom  of  the 
thin  film  PLZT.  In  the  case  of  the  capacitor  structures  the  reflective  platinum  bottom 
electrode  provided  ample  signal  intensity  for  the  photodetector.  This  provided  an  accurate  in 
situ  monitoring  of  the  etch  rate.  The  etch  depth  accuracy  was  confirmed  by  measuring  the 
waveguide  thickness  with  a  profilometer  after  the  etch.  The  optical  etch  rate  monitor 
revealed  information  about  the  etch  rate  as  a  function  of  the  various  gas  constituents'  flow 
rates.  The  Xe  flow  rate  was  varied  from  2  seem  to  15  seem  and  it  was  observed  that  no 
significant  increase  occurred  for  flows  greater  than  10  seem.  The  chlorine  gas  flow  was  1 
seem  and  at  that  rate  the  etch  rate  increased  by  about  17%  from  the  case  of  no  chlorine 
present.  There  was  also  an  improvement  in  the  smoothness  of  the  optical  waveguide 
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Figure  2.  CAIBE  experimental  schematic  illustrating  Xenon  plasma,  sample  position. 

optical  etch  rate  monitor.  The  sample  block  can  be  rotated  in  tlie  plant,-  of  the 
page  to  improve  ttie  smoothness  of  etched  structuies. 

structures  when  chlorine  was  used.  Table  1  below  shows  typical  operating  parameters  tor 
the  CAIBE  system.  At  these  powers  the  etch  rate  ol  the  PLZT  (9/65/35).  PZT  (54/46)  and 
L!Ta03  were  measured  to  be  847,  900.  and  514  A/rnin.  respectivefy 


Table  1 _  Ion-Beam  Etching  Parameters 


FILAMENT 

DISCHARGE 

accelerator 

CURRENT 

POWER 

BEAM  POWER 

POWER 

6.73  A 

1  A 

25  mA 

4  mA 

25  V 

1000  V 

250  V 

In  the  case  of  the  optical  waveguides  the  Si02  layer  beneath  the  PLT  and  PLZT  layers 
etched  at  a  different  rate  and  thus  acted  as  an  etch  stop  indicator.  The  PLZT  (9/65/35)  and 
PZT  (54/46)  capacitor  structures  were  on  top  of  a  Pt  electrode  which  also  acted  as  an  etch 
stop  indicator.  For  Pt  films  greater  than  1000  A  the  etch  stop  indicator  provided  a  means  to 
determine  when  the  etch  was  complete  and  the  ion  beam  was  turned  oft  The  resistivity  of 
the  lower  Pt  electrode  was  not  effected  when  exposed  to  the  ion  beam  tor  a  short  period  of 
time.  The  reflectance  signal  versus  time  for  PLZT(9/65/35)  sample  is  shown  in  Fig.  3. 
The  etch  depth  was  derived  from  the  HeNe  wavelength  (6328  A)  and  the  refractive  index  of 
the  film.  The  calculated  etch  depth  from  the  reflectance  signal  was  3578  A  and  the  measured 
etch  depth  was  3525  A.  The  index  of  retraction  value  used  in  the  former  calculation  was 
determined  from  optical  reflectance  measurements  performed  on  the  sample  prior  to  its 
etch  [8].  A  7  pm  wide  ridge  waveguide  is  shown  below  in  figure  4.  Tha  etching  process  used 
to  fabricate  this  structure  is  discussed  above.  Optical  wavguiding  was  observed  in  this  type 
ol  structure  and  is  discussed  in  detail  in  reference  4.  The  beam  width  is  5  cm  and  exhibits  a 
gaussian  distribution  which  presents  a  uniformity  problem  for  large  area  etches. 
Interference  patterns  were  observed  on  the  sample  after  the  etch  indicating  a  macroscopic 
non  uniformity  in  the  etch  depth.  The  total  etch  depth  variance  is  about  300  A  from  the 
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cenler  to  the  perimeter  on  a  2  cn\  sample.  The  variance  is  not  in  ayreernent  witli  tfie 
number  of  fringes  observed  which  possibly  indicates  a  stoichiometry  variance  although  no 
chemical  analysis  was  performed  on  the  etched  samples. 


3 

25 

1 -  -—1  ■  :  ; 

CO 

0) 

20  \ 

Xenon  flow  rate  =12  seem 

T3 

3 

\  Beam  Current  =  25  mA 

"q. 

1  5  ; 

\  Beam  Voltage  =  1000  V 

E 

\  Acceleration  Voltage  =  700  V 
\  PLZT-PLT-S102-S1  (tit) 

< 

o 

1  0  • 

\ 

o 

r- 

\  z'  ^ 

CD 

\  / 

flS 

5  ■ 

\  / 

■o 

\  / 

O 

\  / 

O 

V  y 

£ 

0 

.  . 

Q_ 

0 

50  too  150  200 

Etch  Time  (s) 


Figure  3.  Reflectance  signal  of  in-situ  etch  rate  monitor  in  CAIBE  system.  The  period 
of  the  reflected  optical  signal  reveals  the  etch  rale  if  the  films  retractive 
index  IS  known. 


Figure  4.  SEM  photograph  ot  7  pm  PLZT-PLT-Si02-Si  optical  ridge  waveguide 
fabricated  using  the  ion  beam  etching  process. 


CONCLUSION 

Ion-beam  etching  of  sol-gel  derived  ferroelectric  PZT.  PLZT  and  LiTa03  has  been 
used  to  define  capacitor  and  optical  waveguide  structures  The  latter  devices  showed 
significant  improvement  when  etched  in  the  ion-beam  system  than  when  wet  chemical  etched 
or  reactively  ion  etched  with  SFg.  Additionally  the  ion-beam  etch  is  a  low  temperature 
process  that  simplifies  the  processing  and  increases  the  compatibility  with  silicon  circuit 
fabrication  for  device  integration.  Wet  chemical  etching  and  reactive  ion  etching  of  the  PZT 
and  PLZT  thin  films  resulted  in  structures  with  rough  edges  which  proved  prohibitive  tor 
optical  waveguiding  structures.  The  undercutting  observed  in  the  wet  chemical  etching 
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process  can  potentially  complicate  integrated  processing  lor  microsensor  applications 
Furthermore  it  is  difficult  to  stop  the  etch  of  the  ferroelectric  etch  at  a  desired  depth 
Reactive  ion  etching  proved  equally  prohibitive  lor  optical  waveguide  fabrication  due  to  the 
metal  masking  and  rough  sidewalls.  Recent  results  by  Pan  et  al  [7],  however,  have  shown 
that  room  temperature  RIE  etches  of  PZT  thin  films  are  possible  in  a  O2  and  CICI2F2  gas 
mixture  indicating  that  reactive  ion  etching  remains  a  viable  candidate  tor  integrated 
processing  of  ferroelectric  thin  films.  Chemically  assisted  ion  beam  etching  and  lon-beam 
etching  provides  a  low-temperature  controlled  etch  process  for  thin  film  ferroelectrics 
CAIBE  processing  of  PLZT,  PZT  and  LiTaOa  thin  films  provides  the  ability  to  define  small 
feature  capacitor  and  optical  waveguide  structures.  The  high  etch  rates  of  PLZT,  PZT  and 
LiTa03,  low  processing  temperatures  and  compatibility  with  standard  photolithographic 
masking  steps  make  the  CAIBE  process  an  attractive  method  for  integrating  tfiese 
ferroelectric  thin  films  with  silicon.  Further  work  needs  to  be  done  on  increasing  large 
wafer  uniformity  and  understanding  the  reactive  etching  mechanism. 
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ABSTRACT 

We  have  fabricated  epitaxial  ferroelectric  hetcrostructurcs  of  isotropic  metallic  oxide 
(SrRu03)  and  fetroelecttic  thin  films  [SrRu03/Pb(Zro.52Tio.48)03 /SrRu03]  on  (100) 
SrTi03  and  YSZ  buffer  layered  Si  substrates  by  90°  off-axis  sputtering.  These 
heterostructures  have  high  crystalline  quality  and  coherent  interfaces  as  revealed  by  X-ray 
diffraction.  Rutherford  backscattering  spectroscopy  and  cross-sectional  transmission  electron 
microscopy.  The  ferroelectric  layers  exhibit  superior  fatigue  characteristics  over  10’®  cycles 
with  large  remnant  polarization. 


Ferroelectrics  hold  potential  for  both  dynamic  and  permanent  data  storage  in  digital 
memory  systemsjl].  Conventionally,  to  build  these  memory  devices,  polycrystalline 
ferroelectric  thin  films  are  grown  on  a  Pt  or  M  base  electrode.  The  high  angle  grain 
boundaries  which  occur  in  the  ferroelectric  thin  film  layer  are  detrimental  to  device 
performance  because  they  cause  aging  and  hitigue  due  to  charge  segregation  and  decay  at  the 
grain  boundaries.  Furthermore,  the  undesirable  nature  of  the  interfaces  between  ferroelectric 
layers  and  electrodes  resulting  from  non-epitaxial  growth  leads  to  degraded  performance 
characteristics  [2].  Ramesh  et  al.  reported  that  epitaxial  thin  film  heterostructures  of 
ferroelectric  materials  and  certain  cuprate  superconductors  grown  by  the  laser  ablation 
technique  have  outstanding  fatigue  propenies[2.  3].  Unfortunately,  the  cuprate  superconduaors 
are  not  fully  chemically  and  thermally  stable,  which  puts  some  constraints  on  their  processing 
and  usage.  Furthermore,  the  high  Tc  superconducting  cuprates  typically  have  relatively  poor 
crystalline  quality  and  rough  surfaces.  These  drawbacks  may  limit  the  application  of  such 
device  struaures  for  non-volatile  memory  applications. 

We  recently  reported  the  synthesis  and  properties  of  single  crystal  epitaxial  thin  films  of 
the  isotopic  metallic  oxide  SrRu03  on  miscut  (100)  SrTi03  substrates  [4].  SrRu03  is  a 
pseudo-cubic  perovskite  with  psuedo-cubic  lattice  parameter  of  3.93A  [5.  6].  (Note:  the  a- 
and  c-lattice  parameters  of  PZT  are  4.036A  and  4.146A.  respectively).  The  lattice 
mismatches  of  SrRuOy  and  ferroelectric  Pb(Zro.52Tio.48)03  {PZT)  on  the  1001}  surface  is 
fairly  small  (-2.7%).  which  allows  us  to  grow  high  quality  epitaxial  ferroelectric 
heterostructures  with  SrRuOy  electrodes.  Unlike  most  oxide  superconductors.  SrRu03  is 
stable  up  to  1200  K  in  oxidizing  or  inert  gas  atmospheres  [7].  The  resistivities  of  these  films 
arc  isotropic  an.-l  low  (-340  pD-cm  at  room  temperature),  and  the  temperature  dependence 
(dp/dT)  shows  good  metallic  behavior,  which  is  important  for  electrode  applications.  All  of 
these  observations  suggest  that  SrRu03  might  be  an  ideal  electrode  material  for  epitaxial 
ferroelearic  device  sttuctures. 
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The  films  have  been  grown  in  situ  by  the  90“  off-axis  sputtering  technique  in  which  almost 
the  exact  composition  of  the  target  is  obtained  over  large  areas  (2"  x  2"  area  from  2”  diameter 
sputtering  target)  without  a  need  for  substrate  block  rotation  [8,  9,  10],  This  technique  allows 
very  good  step  coverage,  which  is  important  in  fabricating  ferroelectric  devices.  Two  2" 
magnetron  sputter  guns  (US  gun  II)  were  mounted  perpendicular  to  each  other  in  an  off-axis 
geometry  for  growth  of  these  heterostruaures;  one  for  SrRu03  and  the  other  for  PZT.  The 
substrate  block  is  placed  on  a  rotating  arm  to  switch  between  guns.  The  details  of  multilayer 
growth  by  this  technique  were  reported  elsewherefl  1]. 

A  smooth  surface  is  very  important  for  the  fabrication  of  multilayer  ferroelectric  devices. 
The  surface  morphology  of  SrRu03  films  was  investigated  by  scanning  electron  microscopy 
(SEM).  The  surface  of  the  2000A  thick  SrRu03  film  on  SrTi03  substrate  was  featureless  with 
a  lateral  resolution  of  lOOA.  Using  an  atomic  force  microscope  (AFM),  Parks  Scientific 
Instrument  Model  SFM-BD2,  with  Ultralevers™  (tip  radius  -  100  A),  results  from  five 
scans  over  4  pm  x  4  pm  area  but  over  different  spots  on  the  same  film  reveal  root  mean  square 
sur&ce  roughness  of  6.9  ±  0.2  A  and  peak-to-valley  roughness  of  53  ±  6  A.  We  believe  that  the 
growth  of  SrRu03  films  on  SrTi03  is  layer-by-layer,  resulting  in  very  smooth  surfaces. 
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Figure  l.(a)  XRD  6-29  scans  on  a  SrRuOs  thin  film  on  (100)  SrTiOs  substrates. 

The  SrTi03  peaks  are  marked  (*).  (b)  X-ray  0)  scans  of  the  (221)  reflection  at  ()i=0°. 
<t>=45°,  (t>=90°,  0=180“  and  0=270“  for  a  (1 10)  oriented  SrRu03  thin  film  on  a  (100) 
SrTi03  showing  a  single  variant  domain. 
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The  film  textures  were  investigated  by  x-ray  diffraction  (XRD)  using  a  four-circle 
diffractometer  with  a  CuKa  source  and  a  pyrolytic  graphite  monochrometer  and  analyzer.  The 
films  were  aligned  so  that  the  film  normal  was  parallel  to  the  ((l  axis  of  the  diffractometer. 
This  geometry  allows  full  access  to  the  reciprocal  lattice  (except  for  in-plane  reflections)  with 
0)  =  ()>.  Figure  1  (a)  shows  the  fl-20  scan  of  SrRu03  thin  films  grown  on  (100)  SrTi03 
substrates.  The  only  substantial  peaks  detected  are  from  d-spacings  corresponding  to  ft  10)  or 
{002}.  Because  of  the  systematic  absence  of  a  (OOf)  peak  (f=2n-I)  and  the  near-degeneracy  of 
d|uoi  ^d  d(o02)  in  the  pseudo-cubic  SrRu03  structures,  from  the  normal  0-26  scans  alone  it 
was  not  possible  to  distinguish  whether  the  texture  is  |t  10)  or  |002)  or  a  combination.  We  were 
able  to  establish  that  these  films  are  purely  {110)  texture  normal  to  the  substrate  by  locating 
peaks  that  do  not  have  a  degenerate  pair,  e.g.  the  (113).  The  (113)  peak  was  observed  only  at 
the  position  corresponding  to  {110)  grains  normal  to  the  substrate  and  not  at  the  position 
corresponding  to  {002)  grains.  Peaks  with  degenerate  pairs  cannot  distinguish  the  texture,  for 
example,  (121)  peak  positions  for  {110)  grains  normal  to  the  substrate  arc  the  same  as  those  of 
the  (103)  peak  positions  for  (002)  grains  normal  to  the  substrate.  After  we  established  the  pure 
{110}  film  texture  we  could  assign  unique  indices  to  pairs  of  peaks  with  near-degenerate  d- 
spacing  and  study  in-plane  texture.  The  to  scan  rocking  curve  widths  (FWHM)  of  the  {220} 
refleaions  of  SrRu03  are  0.16“,  the  instrument  resdution. 

The  in-plane  textures  for  these  films  were  also  investigated  by  scanning  off-axis  peaks. 
Figure  1  (b)  shows  (o-scans  of  the  (221)  reflection  at  <t»=0°,  <j)=45°.  0=90°,  0=180°  and  0=270° 
for  a  {110)  SrRu03  thin  film  on  (100)  SrTi03.  (We  have  observed  the  same  results  with  the 
non-degenerate  (113)  refleaion.)  The  significant  intensities  only  at  0=0°  and  0=180°,  but  no 
intensities  at  0=45°,  0=90°  and  0=270°,  clearly  indicate  that  the  grains  are  single  domain  with 
the  in-plane  epitaxial  arrangement  SrRu03  [1  10]//S  rTi03 [0 1 0]  and 
SrRuO3[00l]//SrTiO3[001].  The  high  crystalline  quality  of  the  films  has  been  confirmed  by 
ion  channeling  using  1.8  MeV  ^He*  ions.  The  ratio  of  the  backscattered  yield  (Xmin)  for  ^ 
SrRu03  film  along  <100>  to  that  in  a  random  direction  is  1.8%,  which  is  very  close  to  the 
value  of  Si  single  crystals. 


Figure  2  XRD  6-20  scan  of  a  PZT  thin  film  on  (100)  SrTi03  substrate  showing  (001) 
epitaxy. 
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Before  growing  the  trilayer  heterostructures,  the  optimum  conditions  for  growing  epitaxial 
PZT  layers  were  determined.  At  this  stage,  the  quality  of  the  films  was  determined  by  means 
of  XRD  rocking  curve  measurements  and  RBS  ion  channeling.  The  composition  of  the  film 
was  measured  on  lOOOA  thick  PZT  films  on  MgO  substrates  with  RBS.  The  films  were 
stoichiometric  within  experimental  error.  Figure  2  shows  an  XRD  panern  of  a  lOOOA  thick 
PZT  film  on  (100)  SrTi03  showing  pure  c-axis  orientation.  The  rocking  curve  width 
(FWHM)  of  the  1002}  PZT  was  0.2°  and  Xmin  along  <100>  is  15%.  The  AFM  reveals  the 
root  mean  square  surfiice  roughness  of  the  films  to  be  7A.  We  have  also  confirmed  the  epitaxial 
growth  of  PZT  on  top  of  a  SrRu03  bottom  electrode  and  vice  versa.  XRD  exhibited  only 
(00/)  peaks  of  PZT  and  (AM))  peaks  of  SrRu03,  showing  good  epitaxy  of  both  the  SrRu03 
elearodes  (top  and  bottom)  and  ferroelectric  layer  [12]. 

Capacitor  device  struaures  were  fabricated  on  (100)  SrTi03  and  YSZ  buffer  layered  Si 
substrates  to  test  the  ferroelectric  properties  of  the  epitaxial  PZT  thin  films  between  SrRu03 
as  shown  in  Figure  3.  These  Au-SrRu03-PZT-SrRu03  quatralayers  were  patterned  using 
standard  photolithographic  processing  and  ion  milling  to  form  a  set  o^  200|im  x  200pm  square 
capacitors.  A  cross-sectional  transmission  electron  microscopy  (TEM)  micrograph  of  the 
capacitor  structure  on  (100)  SrTi03  showed  that  the  SrRu03  bottom  electrode  is  single 
domain  without  domain  boundaries,  promoting  the  growth  of  high  quality  PZT  on  top  [12]. 
However,  the  top  electrode  displays  (110)  epitaxy  normal  to  the  substrate  with  nvo  in-plane 
orientations.  In  spite  of  the  single  domain  bottom  electrode,  low  angle  domain  boundaries  can 
be  seen  in  the  PZT  layer  due  to  columnar  growth. 


EPZT  (5000A)^ 


Hiiiiiiiiniinuffli 


SrRu03  (2000A) 


|YSZ^uflferJa^ 
(100)  Si  wafer 


Figure  3.  Schematic  illustrations  of  capacitor  test  struaures  used  to  evaluate  the 
fcrroclearic  properties  of  SrRu03/PZT/SrRu03  heterostructurcs. 

The  electrical  properties  of  the  capacitors  were  examined  using  a  conventional  Sawyer- 
Tower  circuit  [13].  For  the  devices  on  SrTiOs  substrates,  the  remnant  polarization  obtained  at 
lOV  was  27  pC/cm^,  which  is  very  close  to  the  bulk  value.  The  corresponding  coercive  field 
and  coercive  voltage  were  about  70  kV/cm  and  3.5  V,  respectively.  TTie  capacitors  on  the  YSZ 
buffer  layered  Si  substrates  showed  lower  remnant  polarization  (10.5  pC/cm^)  than  those  on 
SrTi03.  We  believe  that  this  is  mainly  due  to  the  (112)  orientation  of  the  SrRu03  layer  and 
(110)  orientation  of  the  ferroelectric  layer,  which  is  not  the  favorable  polarization  direction 
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for  PZT.  We  have  recently  been  able  to  grow  a  (110)  SrRu03  layer  on  both  BaZr03/MgO 
and  Ce02/YSZ  double  buffer  layers  on  Si.  which  will  allow  us  to  grow  c-axi$  oriented  PZT 
on  top  of  them  [1 2], 
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Figure  4.  A  plot  of  remnant  polarization  ^  P  vs.  fatigue  cycles  at  10  V  for  the 

SrRu03/PZT/SrRu03  struaure,  compared  with  data  for  a  typical  polycrystalline 
ferroelectric  layen  on  Pt  base  elearode.  Inset:  the  pulse  train  used  to  measure  the 
effeaive  read  cycle  discrimination  i^P. 

Pulsed  hysteresis  measurements  for  fatigue  tests  were  made  using  a  Sawyer-Tower  circuit 
with  the  waveform  shown  in  the  inset  of  Figure  4.  A  quiescent  time  of  4  sec  was  interposed 
between  pulses  to  allow  full  relaxation  of  any  transient  effects  in  the  ferroelectric  layer  [14], 
The  pulses  were  formed  using  an  HP  81 12A  pulse  generator  under  computer  control  and  had  a 
gaussian  profile  with  1.5  ms  width  and  1  ms  transitions.  The  response  was  measured  digitally 
with  an  HP  7090  digitizer  and  corrected  for  parasitic  effects.  The  samples  were  stressed  by 
bursts  of  17.2  ms  square  wave  using  Vmax  =  10  Vp.p  (200  kVp.p/cm).  This  is  comparable  to 
the  patterns  commonly  employed  in  simple  fatigue  tests  [2].  Figure  4  shows  the  normalized 
remnant  polarization,  <?P  vs.  fatigue  cycles  for  SrRu03/PZT/SrRu03  capacitors  on  both 
SrTi03  and  YSZ  buffer  layered  Si  substrates.  The  data  of  Figure  4  represent  the  effective 
read-cycle  discrimination  between  a  written  "I"  and  ”0"  (sample  pulsed  to  -Vniax):  in 
conventional  notation  ^  =  P  •  -  P  “  . 

In  the  case  of  a  polycrystalline  PZT  layer  on  a  Pt  bottom  electrode  reported  in  the 
literature  [1],  the  remmant  polarization  drops  to  50%  of  its  initial  value  after  10^  cycles,  But 
in  the  case  of  epitaxial  PZT  layers  between  SrRuOy  electrodes  the  remnant  polarization 
remains  virtually  unchanged.  After  IQl®  cycles,  the  capacitors  on  SrTiOy  substrates  show  only 
a  10%  decay  of  remnant  polarization.  However,  ^P  increases  monotonically  after  10®  cycles 
in  the  capacitors  on  YSZ  buffer  layered  Si  substrates.  This  improvement  in  fatigue  behavior  is 
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attributed  to  improvement  of  electrode-ferroelectric  interfaces  as  well  as  the  absence  of  high 
angle  grain  boundaries  in  the  PZT  layers  as  observed  in  epitaxial  ferroelectric  layers  between 
YBCO  electrodes  [2],  and  other  metallic  oxide  elearodes  such  as  RuOj  and  Lao.5Sro.5Co03 
[15.  16], 

In  conclusion,  we  have  demonstrated  that  epitaxial  ferroelectric  heterostructures  of 
SrRu03/Pb(Zro. 52Tio. 48)03  (PZT)/SrRu03  can  be  grown  on  (100)  SrTi03  and  buffer 
layered  Si  substrates  in  situ  by  90“  off-axis  sputtering.  This  technique  allow  us  to  grow 
uniform  stoichiometric  films  over  a  large  area  (2“  x  2")  with  good  step  coverage,  offering  a 
promising  technique  for  fabricating  ferroelectric  devices.  The  single  crystal  SrRu03  bottom 
electrode  with  high  crystalline  quality  and  smooth  surface  has  allowed  us  to  grow  high  quality 
ferroelectric  layers.  In  addition,  the  thermal  and  chemical  stability  of  the  electrode  material 
permits  flexibility  of  device  fabrication  processes,  as  well  as  long  term  reliability  of  the 
devices  at  high  temperature.  Fatigue  characteristics  of  the  ferroelectric  heterostruaures  with 
SrRu03  electrodes  are  far  superior  to  those  obtained  with  polycrystalline  ferroelectric  layers 
on  Pt  electrodes.  These  epitaxial  heterostructures  of  ferroelectric/isotropic  metallic  oxide 
elearodes  look  promising  for  use  as  nonvolatile  memory  devices. 
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ABSTRACT 


Integration  of  a  ferroelectric  capacitor  module  in  a  standard  CMOS  process  subjects  the 
ferroelectric  to  various  ambients  during  backend  processing,  some  of  which  can  render  the 
ferroelectric  essentially  non-operational  for  NVRAM  applications.  Post-crystallization 
processing  of  sol-gel  deposited  integrated  ferroelectric  PZT  capacitors  in  the  presence  of 
hydrogen-containing,  reducing  ambients  is  observed  to  degrade  the  nonvolatile  polarization. 
Low-pressure  hydrogen  anneals  at  temperatures  as  low  as  200°C  substantially  degrade  the 
nonvolatile  polarization  while  the  DRAM  polarization  remains  roughly  constant.  Leakage 
current  drops  by  one  order  of  magnitude  arid  fatigue  is  accelerated.  A  ferroelectric  capacitor 
module  can  be  integrated  with  minimal  degradation  with  careful  modifications  in  the  backend 
processing. 


INTRODUCTION 


Ferroelectric  PZT  is  of  interest  for  both  DRAM  and  NVRAM  devices.  PZT  capacitors 
with  Pt  electrodes  have  demonstrated  polarization  and  fatigue  characteristics  that  could  meet  the 
requirements  of  gigabit-scale  DRAM's  [1]  and  NVRAM’s  operating  at  voltages  as  low  as  1.5V 
[2].  However,  integration  of  the  ferroelectric  capacitor  module  with  a  standard  CMOS  process 
requires  considerable  development  due  to  materials  and  process  incompatibilities  with  silicon 
technology,  adhesion  losses  during  processing,  and  limited  patterning  capabilities  [3-7]. 
Integration  requires  depositing  an  interlevel  dielectric  (referred  to  as  capacitor  level  dielectric 
[CLD]  hereafter )  over  the  ferroelectric  capacitor  prior  to  metallization  [3-7].  Various  dielectrics 
commonly  used  in  silicon  technology  such  as  silicon  dioxide,  silicon  nitride,  PSG,  BPSG  or 
organic  based  dielectrics  arc  CLD  candidates,  and  can  be  deposited  by  CVD,  sputtering  or  spin 
on  techniques. 

This  paper  describes  the  impact  of  backend  CMOS  processes  on  the  PZT  capaciiui's 
electrical  properties  and  specifically  the  effect  of  hydrogen-containing,  reducing  ambients. 
Polarization  measurements  were  performed  using  high-speed  single-shot  pulse  testing  [8]. 
Polarization  relaxation  reduces  the  magnitude  of  the  remanent  polarization  available  for 
nonvolatile  memory  operation.  The  nonvolatile  polariz.ation  reported  here  is  the  polarization 
remaining  after  all  the  relaxation  processes  are  complete  and  is,  therefore,  the  worst-ease  signal 
available  for  memory  operation.  The  DRAM  polarization  is  the  nonremanent  component  of  the 
ferroelectric  hysteresis  loop  and  includes  both  ferroelectric  and  nonferroelectric  components  [9], 
The  polarization  relaxation  is  not  included  in  the  DRAM  polarization. 

Fine-grained  polycrystalline  PbZro,5Tio.503  films  were  prepared  by  sol-gel  deposition 
and  subsequent  crystallization  at  7()0°C  in  an  O2  ambient.  Film  thickness  was  ISOOA  and 
platinum  was  used  for  both  top  and  bottom  electrodes.  The  resultant  films  are  in  the  perovskitc 
phase  and  exhibit  ferroelectric  behavior  with  no  non-ferroelectric  pyrochlore-phase  X-ray 
diffraction  peaks.  The  grain  size  is  typically  less  than  lOOOA  as  observed  by  TEM.  Atomic  force 
microscopy  reveals  that  the  crystallized  PZT  surface  has  a  texture  of  100  to  250A  depending  on 
the  fabrication  process. 
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POST-CRYSTALLIZATION  ANNEAL  OF  PZT  CAPACITORS  IN  HYDROGEN- 
CONTAINING,  REDUCING  AMBIENTS 


Fully  fabricated  and  electrically  characterized  PZT  capacitors  were  subjected  to  low- 
pressure  (<  5  torr)  forming  gas  anne^s,  at  temperatures  from  100  to  400°C  for  less  than  a 
minute,  which  simulate  typical  CVD  type  conditions.  These  capacitors  were  then  electrically 
characterized  again,  and  changes  in  the  ferroelectric  properties  were  noted  as  shown  in  Figures  1 
through  4.  The  nonvolatile  polarization  degrades  with  increasing  forming  gas  anneal  temperature 
with  nearly  a  2546  drop  at  temperatures  as  low  as  200°C  and  more  than  an  80%  drop  at  400°C 
(see  figure  1).  The  DRAM  polarization  does  not  degrade  but  rather  undergoes  a  slight  increase 
above  200°C  (see  figure  1). 
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Figun;  I ,  Impact  of  forming  gas  anneal  on  the 
nonvolatile  and  DRAM  polarization  of  the 
PZT  capacitor. 


g  10^  10*  10*  lo'  10*  It?  io’®  io” 


Cycles  at  t  2.5V 

Figure  2.  Accelerated  nonvolatile 
fatigue  of  PZT  capacitor  from 
exposure  to  forming  gas. 


Cycles  at  t  2.5  V 

Figure  3.  Accelerated  DRAM 
fatigue  of  PZT  capacitor  from 
exposure  to  forming  gas. 
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Fatigue  of  nonvolatile  and  DRAM  polarization  is  accelerated  after  the  forming  gas  anneals  (sec 
figure  2  and  3).  Even  though  the  starting  nonvolatile  polarization  is  different  for  different 
capacitors,  all  forming  gas  annealed  capacitors  show  degradation  and  fatigue  to  the  same  value 
after  10^  bipolar  cycles.  The  nonvolatile  polarization  after  10^  bipolar  cycles  is  more  than  80(^ 
lower  than  the  capacitor  not  exposed  to  the  forming  gas  anneal.  The  fatigue  of  the  ORAM 
polarization  is  also  accelerated  by  the  forming  gas  anneals  and  is  independent  of  the  annealing 
temperature.  This  is  a  more  severe  DRAM  fatigue  test  than  the  normal  unipolar  cycling.  After 
10^  bipolar  cycles  the  DRAM  polarization  is  about  30%  lower  than  the  capacitor  not  exposed  to 
the  forming  gas  anneal. 


Figure  4.  Leakage  current  in  PZT  capacitors 
at  different  temperatures  of  post  crystallization 
anneals  in  forming  gas.  Film  thickness  is 
ISOOA  and  capacitor  area  is  1.04X10''^  cm-. 
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A  surprising  aspect  of  the  post  crystallization  anneal  in  forming  gas  is  that  even  though 
the  degradation  is  observed  for  the  nonvolatile  polarization,  and  the  fatigue  is  accelerated,  the 
leakage  current  is  actually  lowered  (see  figure  4).  With  increasing  temperature  of  the  forming  gas 
annetd,  the  leakage  current  gradually  decreases  until  it  is  nearly  an  order  of  magnitude  lower  for 
the  capacitor  annealed  at  300"C.  (No  leakage  measurements  were  done  on  the  capacitor  annealed 
at  4(X)'’C  in  forming  gas). 


CAPACITOR  LEVEL  DIELECTRICS  FOR  INTEGRATION  OF  FERROELECTRICS 


Integrating  the  ferroelectric  capacitor  with  standard  CMOS  requires  interconnect 
metallization  which  subjects  the  ferroelectric  capacitor  to  pre-metal  dielectric  deposition.  This 
capacitor  level  dielectric  (CLD)  can  be  silicon  dioxide,  silicon  nitride,  PSG,  BPSG  or  poiyimidcs 
and  can  be  deposited  by  various  techniques.  Chemical  vapor  deposition  (LPCVD  or  PECVD). 
sputtering  or  spin-on  depositions  are  most  commonly  used.  Here  we  present  the  results  of  our 
investigation  of  CVD  and  sputtering  for  CLD  depositions.  Figure  5  shows  the  DRAM 
polarization  measured  after  the  CLD  depositions  as  compared  to  the  control  capacitor  which 
received  no  CLD  deposition.  CLD-A  and  CLD-B  refer  to  dielectrics  deposited  under  different 
processing  conditions.  The  DRAM  polarization  is  influenced  by  the  choice  and  processing  of  the 
CLD.  At  lower  voltages  CLD-A  degrades  the  DRAM  polarization  by  as  much  as  50%  whereas, 
at  higher  voltages  CLD-B  degrades  the  DRAM  polarization  by  about  25%.  Therefore,  the 
optimum  processing  conditions  are  not  the  same  for  all  voltages  and  the  CLD  depositions  must 
be  tailored  to  the  application. 
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Figure  5.  Comparison  of  different  CVD  and 
sputtered  CLD's  and  their  impact  on  the 
ORAM  polarization  during  the  integration 
of  the  PZT  capacitor.  CLD-A  and  CLD-B 
refer  to  different  processing  conditions. 


In  comparison  to  the  dependence  of  DRAM  polarization  on  the  nature  of  the  CLD.  the 
nonvolatile  polarization  is  even  more  sensitive,  and  inappropriate  processing  can  lead  to 
complete  loss  of  the  nonvolatile  poIari7.ation.  As  shown  in  Figure  6,  the  standard  C.MOS  based 
CLD-A  processing  can  severely  degrade  the  nonvolatile  polarization.  As  discussed  in  the  earlier 
section,  hydrogen  containing  reducing  ambients,  even  at  very  low  temperatures,  can  negatively 
impact  the  nonvolatile  polarization  and  accelerate  fatigue.  Under  appropriately  selected 
processing,  such  as  CLD-B,  the  ferroelectric  capacitor  can  be  integrated  with  minimal 
degradation. 


1 


Figure  6.  Comparison  of  different  CVD  and 
sputtered  CLD's  and  their  impact  on  the 
nonvolatile  polarization  during  the  integration 
of  the  PZT  capacitor.  CLD-A  and  CLD-B 
refer  to  different  processing  conditions. 
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These  results  suggest  that  the  integration  of  terroelectric  capacitors  for  either  DRAM  or 
NVRAM  applications  requires  careful  selection  and  processing  of  the  capacitor-level  dielectrics. 
Further,  there  may  not  be  a  single  CLD  that  can  satisfy  the  requirements  for  both  DRAM  and 
NVRAM  applications  at  ail  voltages.  One  must  optimize  the  backend  processing  for  a  specific 
application. 
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SL'MMARY  AND  CONCLUSIONS 


Integration  of  PZT  ferroelectrics  with  CMOS  processing  which  subjects  the  PZT 
capacitor  to  the  ambient  of  the  CLD  processing  can  severely  degrade  the  nonvolatile 
polarization,  reduce  the  DRAM  polarization,  and  can  accelerate  the  bipolar  fatigue  of  either. 
Successful  integration  of  ferroelectrics  can  be  achieved  by  modifying  CMOS  processes  to 
minimize  degradation.  As  an  example,  figure  7  shows  the  nonvolatile  and  DRAM  polarization 
characteristics  for  a  PZT  capacitor  integrated  though  interconnect  metallization  using  an 
optimized  CLD  process. 


Figure  7.  DRAM  and  nonvolatile  polarization  of  integrated  PZT  capacitor 
after  metallization  using  an  optimized  backend  process. 
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(lKHz-40GHz)  DIELECTRIC  BEHAVIOR  OF  Ba,iTi2.,Oy  THIN  FILMS 


W.-T.  LIU  i*).  S.  COCHRANE  b),  p,  BECKAGE  <^l  D  B  KNORR  T.-M.  LU  J.  M. 
BORREGO  >>),  and  E.  J.  RYMASZEWSK!  O 


Center  for  Integrated  Electronics,  Also  with  Chemistry  Department.  Electrical,  Computer, 
■>.nd  Systems  Engineering  Department,  Materials  Engineering  Department.  Physics 
Department,  Rensselaer  Polytechnic  Institute,  Troy  NY  12180-3590 


ABSTRACT 

An  ion  assisted  deposition  technique,  called  Reactive  Partially  Ionized  Beam  (RPIB) 
deposition,  was  used  to  prepare  amorphous  BaxTii.jOy  thin  films  at  a  low  substrate  temperature 
(<60°C).  The  stoichiometry  of  the  films  varied  from  x=1.0  for  BaTiOt  to  x=0.2  for  Ti-rich 
films.  The  optical,  thermal,  and  broadband  electrical  properties  of  this  class  of  thin  film 
dielectrics  were  systematically  studied.  A  Ipm  BaxTi2-xOy  film  is  optically  transparent  with  a 
band  gap  of  4.6eV.  Both  transmittance  and  bandgap  decrease  when  the  films  are  increasingly 
enriched  with  Ti.  The  Ti  rich  films  remain  amorphous  at  600°C  while  the  stoichiometric  BaTiO^ 
crystallizes  into  the  perovskite  structure.  Annealed  Ti  rich  films  are  thermally  stable  (>700“C) 
with  low  leakage  (<0.  Ip  A/cm-  at  0.5MV/cm)  and  moderately  high  dielectric  constant  (Er  =  1 5- 
35).  Polycrystalline  BaTiO.t  deposited  at  bOO^C  on  a  Pt/Ta/SiOj/Si  substrate  has  an  tr  =  400. 
Capacitor  structures  with  various  metallizations  were  used  to  evaluate  the  dielectric  properties, 
such  as  breakdown  strength,  leakage,  e,  and  lan5  from  DC  to  600MHz.  A  generic  test  vehicle 
was  designed  and  fabricated  to  extend  the  frequency  domain  characterization  of'  ;  dielrcuics  up 
to  40GIL.  No  dispersion  of  Er  was  ob.served  in  this  frequency  range  for  amorphous  BaxTii.xOy. 

INTRODUCTION 

The  use  of  high  dielectric  constant  thin  films  in  integrated  circuit  (IC)  technology  is  of 
great  interest  because  of  the  limiting  performance  that  conventional  Si02  thin  films  can  offer. 
Amorphous  ceramic  materials,  such  as  BaxTi2-xOy  (x  =  0.2  -  1 .0)  have  attracted  considerable 
attention  recendy  because  of  their  excellent  characteristics  of  moderately  high  dielecu-ic  constant 
(Er=  15-40),  low  tans,  low  leakage  current,  and  high  temperature  stability.  Deposition  of 
device-quality  amorphous  BaxTi2-sOy  at  low  temperature  (from  room  temperature  to  3(X)°C) 
direedy  on  metal.  Si,  and  polymer  substrates  will  make  these  films  highly  attractive  for  advanced 
IC  technology.  In  addition,  the  growth  of  polycrystalline  BaTiOy  thin  films  on  Si  or  on  metal 
substrate  at  a  temperature  that  is  compatible  with  semiconductor  processing  technology  could 
enable  the  fabrication  of  integrated  ferroelectric  device.s. 

The  preparation  of  ferroelectric  BaTiOy  film  by  a  variety  of  techniques  has  been  reported 
by  many  researchers.  A  common  difficulty  is  the  inability  to  grow  films  that  are  very  thin 
(200A-5()00A),  uniform,  and  defect  free,  at  low  substfate  temperature  over  a  large  substrate 
area.  ’  The  work  on  BaxTi2-;»Oy  reported  in  this  paper  ultilizes  a  newly  developed  technique 
referred  to  as  Reactive  Partially  Ionized  Beam  (RPIB)  deposition.  Using  the  technique,  we  have 
successfully  fabricated  very  high  quality  amorphous  Ba,Ti2-xOy  thin  films  at  or  near  room 
temperature.2.3  Further,  the  technique  produces  crystalline  ferroelectric  BaTiOy  thin  films  if  the 
substrate  temperature  is  held  above  5(X)°C.  This  paper  describes  the  deposition,  microstructural 
characterization,  and  broadband  dielectric  behavior  of  this  class  of  materials. 
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DEPOSITION  OF  Ba,Ti2.,0,  THIN  FILMS 

The  details  of  the  process  technique  have  been  published  elsewhere  -  The  RPIB  system 
is  a  dual-source  evapoartion  and  ionization  system.  TiO  and  Ba  are  source  materials  which  are 
evaporated  by  electron  bombardment  heating  and  resistive  heating  of  their  crucibles, 
respe'  tively.  The  base  pressure  of  the  system  is  lxlO-5  Pa.  A  6x10  ’  Pa  Oy  ambient  was 
established  during  deposition  and  monitored  by  a  residual  gas  analyzer.  Both  TiO  and  Oy  are 
ionized  at  the  outlet  of  the  TiO  crucible  resulting  in  an  ion  current  measured  by  a  F'araday  cup  at 
the  substn  te  which  is  .10cm  above  the  crucibles.  The  total  quantity  of  the  ionized  species  is 
about  .IVf .  The  parti  Hy  ionized  beam  was  accelarated  towards  the  substrate  by  a  bias  adjustable 
between  l(X)-.1()OOV.  The  substrate  can  be  heated  from  200°C-li(K)°C  by  an  array  of  tungsten 
halogen  lamp  heaters  located  above  the  substate.  The  deposition  process  is  monitored  by  an  in- 
silu  deposition  controller  which  measures  the  evaporation  rate  of  Ba  and  TiO  .separately 

Amorphous  BajTiy.xOy  is  deposited  on  unheated  substrates.  The  temperature  of  the 
substrate  rises  to  less  than  bO^C  during  deposition  due  to  radiation  from  the  crucibles.  The 
stoichiometry  of  the  films  is  readily  adjusted  by  changing  the  evaporation  rate  of  Ba  by  the 
control  of  the  power  delivered  to  the  Ba  crucible  while  fixing  the  rate  of  TiO.  The  typical 
deposition  rate  is  I.SOA/min.  The  film  are  deposited  on  quartz,  glasss.  Si,  and  Si  with  various 
metallizations  (Al,  Ti/Cu/Ti,  Pt/Ta.  Au/Ti)  for  characterization.  The  variation  of  film  thickness  is 
less  than  ±3%  and  the  variation  of  optical  index  is  less  than  ±1%  over  a  3  inch  substrate 
Ferroelectric  BaTiOy  films  are  deposited  on  oxidized  Si  substrates  metallized  with  1(K)()A 
Ta/400()A  Pt.  A  three  minute  preheat  of  the  substrate  was  used  to  stabilize  the  substrate 
temperature  at  6()()±25°C  prior  to  the  start  of  deposition.  The  substrate  temperature  was 
previously  calibrated  with  two  thermocouples  attached  to  the  substrate. 


OPTICAL  PROPERTIES 

The  Ba/Ti  atomic  ratio  of  amorphous  BaxTiy.jOy  was  determined  for  selected  films  by 
electron  microprobe  analysis  and  Rutherford  backscattering.  The  refractive  index,  n.  of  the  films 
were  measured  by  ellipsometry  at  a  wavelength  of  6328A  as  shown  in  Fig.  1.  This  continuous 
relationship  established  between  n  and  Ba/Ti  ratio  of  a.s-deposited  films  allows  the  value  of  n  to 
characterize  the  stoichiometry  of  the  films.  The  films  enriched  in  Ti  have  higher  n.  ultimately 
approaching  the  value  of  TiOy.  The  stoichiometric  BaTiOy  (x=l )  has  an  index  of  1.90,  in  close 
agreement  with  the  value  for  amorphous  BaTiOy  reported  in  literature.'*  The  optical 
transmittance  (T%)  measured  on  a  Perkin-Elmer  spectro- photometer  is  also  plotted  in  Fig.  1 
against  the  refractive  index  for  several  BaxTiy.xOy  films  O^lpm  in  thickness  deposited  on  a 
quartz  substrate.  The  .s:jichiometric  films  are  highly  transparent  with  T%  =  92%  referenced  to 
air.  This  high  T%  is  attributable  to  the  amorphous  structure  of  the  films.  It  is  also  significant  that 
an  optically  transparent  film  can  be  synthesized  at  nominally  room  temperature.  We  attribute  this 
enhanced  surface  chemical  reaction  to  the  effect  of  ion  bombardment  in  the  RPIB  technique.-"' 
The  T%  decreases  with  increasing  Ti  content  in  the  films.  Non-stoichiometric  films  presumably 
have  more  defects  in  the  amorphous  network  resulting  in  more  scattering. 


At  short  wavelengths  the  gooi'  'ransmi.ssion  is  tenninated  at  the  ultraviolet  absorption 
edge  which  can  be  determined  accurately  by  calculating  the  absorption  coefficient,  a,  and  plotting 
a-  as  a  function  of  wavelength.  TTte  direct  band  edge  appears  as  a  linear  ponion  of  the  data  and 
the  extrapolation  to  n  =  0  gives  the  value  of  the  direct  bandgap.  The  bandgap  value  calculated 
for  the  stoichiometric  BaTiOy  is  4.6±().leV,  which  is0.2eV  higher  than  the  value  reported  in 
literature  for  sputtered  amorphous  BaTiOy  films.b  The  band  gap  decreases  to  4.3eV  for  the  film 
with  a  Ba/Ti  =  0.4. 
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THERMAL  BEHAVIOR 


The  BaxTi2-xOy  films  deposited  on  unheated  substrates  are  amorphous.  Post  deposition 
anneals  of  the  films  3000A  in  thickness  deposited  on  Si  wafers  were  carried  out  at  temperatures 
from  100  -  900°C  for  20  minutes  in  an  ambient  of  flowing  N2.  The  refractive  index  of  the  films 
of  different  stoichiometries  as  a  function  of  the  annealing  temperature  is  shown  in  Fig.  2.  In  the 
temperature  range  of  20°C  to  SOO^C.  a  gradual  and  incremental  change  in  n  is  the  result  of 
densification.  At  a  temperature  between  500°C  and  600°C.  a  large  jump  in  n,  from  1 .95  to  2.23 
was  observed  only  for  the  films  with  stoichiometric  composition.  For  off-stoichiometric  films, 
the  trend  noted  below  500°C  continued  to  nearly  8(X)°C.  At  SOO^C,  a  sharp  drop  in  index  was 
noticed  for  all  the  samples. 
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Fig.  1  Correlation  curves  between  the  Ba/Ti  ratio, 
optical  transmission,  and  refractive  index  of 
BaxTi2-xOy  films. 
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Fig.  3  X-ray  diffraction  patterns  of  a) 
stoichiometric  film  annealed  at  500°C,  b)  the  same 
film  annealed  at  bOO^C.  c)  off-sioichiomciric  film 
annealed  at  700®C. 


Fig.  2  Refractive  index  change  of  the  films  with 
different  stoichiometries  as  a  function  of 
annealing  temperature. 
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Fig.  4  The  stress  of  2.500A  stoichiometric 
BaTi03  on  Si  substrate  as  a  function  of 
temperature. 


The  variation  of  the  optical  index  with  annealing  temperature  can  be  correlated  to  the 
crystallinity  of  the  films.  As-deposited  films  are  amorphous  as  determined  by  x-ray  diffraction 
regardless  of  the  stoichiometry.  Fig.  3  shows  the  x-ray  diffraction  patterns  of  the  stoichiometric 
films  annealed  at  500°C  (a)  and  600°C  (b).  A  600°C  anneal  crystallizes  the  stoichiometric  film 
into  a  perovskite  crystal  structure.  An  off-stoichiometric  film  (Ba/Ti  =  0.7)  annealed  at  700°C  is 
also  shown  (c).  The  off-stoichiometric  film  retains  its  amorphous  structure  even  after  a  700°C 
anneal  resulting  in  a  dielectric  with  tr  =  30  and  Jicak  <0.08nA/cm2  at  0.5MV/cm.  At  temperatures 
above  800°C  interdiffusion  and  reaction  occurs  between  the  Si  and  the  film  as  detected  by  RBS. 
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A  stoichiometric  amorphous  film  on  oxidized  silicon  was  cycled  from  room  temperature 
to  600°C,  then  cooled  back  to  room  temperature.  The  stress  in  the  film  as  a  function  of 
temperature  is  calculated  from  the  wafer  deflection  and  is  shown  is  Fig.  4.  The  intrinsic  stress  in 
the  as-deposited  film  is  150  MPa  tensile  and  increases  substantially  during  heating  to  300°C  due 
to  densification  resulting  in  a  very  high  stress  upon  returning  to  room  temperature.  The  behavior 
becomes  elastic  representing  the  thermal  expansion  mismatch  between  the  film  and  silicon. 
Subsequent  thermal  cycles,  which  are  not  shown,  display  entirely  elastic  behavior.  The  slope  of 
0.8  MPa/°C  compares  to  the  value  of  0.65  MPa/°C  calculated  from  the  elastic  modulus  and 
coefficient  of  thermal  expansion  for  crystalline  BaTiOj  indicating  that  the  physical  properties  are 
similar  for  amorphous  and  crystalline  BaTiO:t. 


BROADBAND  ELECTRICAL  BEHAVIOR 


In  the  frequency  range  of  DC  to  600MHz,  simple  parallel  plate  structures  were  used  for 
the  measurement  of  defect  density,  breakdown  strength  (Emax)-  leakage  (Jieak  @  0,5MV/cm).  cr 
and  tanS.  Si  wafers  with  Ti/Cu/Ti,  Au/Ti,  or  A1  metallization  were  used  for  the  substrate  and 
electrode.  The  area  of  the  capacitors  varied  from  5x10^  to  10  cm-  to  yield  capacitance  values  of 
20pf  to  0.45|if.  Excellent  breakdown  strength.  Emax  =  3.3MV/cm,  was  obtained  for  3000A 
thick  stoichiometric  films,  independent  of  the  annealing  temperature  from  100  to  300°C.  Fig.  5 
shows  the  dielectric  strength  histogram  of  200  capacitors  measured  across  a  3  inch  wafer  for  a 
film  thickness  of  1400A.  Because  the  voltage  that  caases  catastrophic  breakdown  is  greater  than 
50V,  the  voltage  required  to  reach  lOpA/cm-  current  density  was  used  as  the  criterion  instead. 
The  distribution  is  centered  around  14V  and  resembles  a  normal  di.stribution  indicating  good 
uniformity  and  low  defect  density  of  the  film.  Fig.  6  represents  the  change  of  tr  (at  1  MHz)  and 
Jieak  with  the  stoichiometry  of  the  dielectrics.  All  films  received  an  anneal  of  30()°C  under  Ns  for 
20  minutes  prior  to  the  measurement.  The  Cr  increases  from  15  to  35  as  the  films  become 
increasingly  Ti  rich.  The  Jieak  also  increases  from  60nA/cm2  to  lOOpA/cm-. 
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Fig.  5  A  histogram  of  dielectric  slrenglh  of  200 
capacitors.  The  film  thickness  is  1400A.  The  size 
of  the  capacitor  is  2x  lO'^/cm^. 
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Fig.  6  Er  (at  IMHZ)  and  Jieak  of  450OA  BajTis. 
xOy  as  a  function  of  estimated  Ba/Ti  ratio  of  the 
films. 


The  Er  and  tan8  of  the  dielectrics  in  the  frequency  range  of  0.01-600MHz  were 
determined  through  measurement  of  the  capacitance  and  the  shunt  conductance  on  a  lOOpf  and  a 
lOpf  capacitor,  respectively,  using  a  LCR  meter  (0.01-lMHz)  and  a  RF  impedance  analyzer  (1- 
600MHz).  Parasitics  associated  with  the  setup  were  modeled  as  a  standard  transmission  line. 
The  values  for  the  series  and  shunt  element  of  the  transmission  line  were  determined  by 
measuring  a  short  and  an  open  in  place  of  the  wafer  sample  at  every  measurement  frequency  and 
were  used  to  correct  the  raw  data.  Fig.  7  plots  Cr  and  tan6  of  a  film  with  a  stoichiometric 
composition  in  the  frequency  range  of  1  KHz  to  600MHz.  The  capacitors  have  virtually  a 
constant  e,  of  about  1 9.  The  tanS  is  as  low  as  0.(X)5  for  the  film. 
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Fig.  7  Frequency  domain  (lKHz-40GHz)  behavior  of  Er  and  lanS  of  amorphous  BaxTi2.xOy  ihin 
films.  No  dispersion  is  seen  in  this  range  of  frequencies. 


Fig.  8  a)  (he  layout  of  the  lest  vehicle,  and  b)  a  capacitor  structure. 


B)  Metallization  •  Ti/CuA'i 

A)  Metallization  -  Al  BaTiOi  -4500A 
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Fig.  9  Crosseclions  of  the  capacitors  fabricaled  with  a)  AI  metallization,  b)  Ti/Cu/Ti  metallization. 

To  extend  the  measurement  frequencies  into  the  GHz  realm,  a  generic  test  vehicle  was 
designed  and  fabricated.  The  test  vehicle  consists  of  capacitors  of  various  sizes,  transmission 
lines,  via  chains,  and  other  characterization  structures  configured  to  be  probed  by  coplannar  50Q 
microwave  probes.  The  layout  of  the  test  vehicle  is  shown  in  Fig.  8  and  it  is  fabricated  by  a  two 
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mask  process  on  3  inch  substrate  that  yields  capacitor  structure  with  cross-sections  shown  in 
Fig.  ^  The  metallization  is  either  A!  cr  Ti,'Cu/Ti  sandw  ich,  Al  and  Cc  being  Slim,  and  Ti  being 
lOOOA,  all  deposited  by  electron  beam  evaporation.  The  BaiTi2-xOy  dielectric  of  4500A  was 
deposited  and  patterned  by  standard  optical  lithography.  The  etching  of  Ba,Ti2-xOy  was  carried 
out  in  buffered  HF  solution.  The  maximum  temperature  in  the  fabrication  process  is  less  than 
100°C,  and  the  structures  were  tested  without  an  anneal. 

S-parameters  of  the  capacitors  were  measured  on  a  HP8510  network  analyzer.  Excellent 
agreement  between  the  simulated  and  the  measured  insertion  loss  (S21)  for  capacitors  with  1.5. 
15,  150,  and  1500pf  capacitance  was  obtained.  The  effective  Cr  calculated  from  the  insertion 
loss  measurement  is  plotted  in  Fig.  7  for  frequencies  from  50MHz  to  40GHz  along  with  the  data 
obtained  from  a  parallel  plate  structure  measured  from  IKHz  to  600MHz.  The  film  has  a 
composition  of  Ba/Ti  =  1.  The  data  show  that  e,  of  amorphous  BaxTi2-xOy  thin  films  do  not 
exhibit  frequency  dispersion  associated  with  the  relaxation  of  Ti06  dipoles  in  the  frequency 
range  up  to  40GHz.  Other  data,  not  shown  in  the  figure,  indicate  that  this  excellent  high 
frequency  behavior  is  also  maintained  in  off-stoichiometric  films.  The  e,  of  ferroelectric  BaTiOj, 
however,  is  expected  to  exhibit  severe  dispersion  starting  at  several  hundred  MHz  due  to  the 
presence  of  ferroelectric  domains.^  The  frequency  domain  behavior  of  polycrystalline  BaTiOt 
deposited  at  600°C  (tt  =  400  at  1  MHz)  is  currently  being  characterized. 


CONCLLSION 

A  self-ion  assisted  deposition  technique  referred  as  Reactive  Partially  Ionized  Beam  is 
used  to  deposit  superior  quality  amorphous  BaxTi2.xOy  and  polycrytalline  BaTiO.t  at  near  room 
temperature  and  at  600°C,  respectively.  The  amorphous  BaxTi2.xOy  films  exhibit  some  highly 
desirable  characteristics,  such  as  high  optical  transmission,  thermal  stability,  low  defect  density 
and  leakage,  high  dielectric  strength,  moderately  high  t,  and  low  tanS.  No  dispersion  of 
dielectric  constant  is  seen  for  amorphous  films  in  the  frequency  domain  of  IKHz  -  40GHz.  A 
potential  problem  is  the  high  stress  resulting  from  deposition  and  annealing.  These  results  show 
that  amorphous  BaxTi2.xOy  films  can  be  a  very  useful  dielectric  in  advanced  electronics, 
photonics,  and  optical  applications. 
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ABSTRACT 

Many  attempts  have  been  made  to  reduce  degradation  properties  of  Lead  Zirconate  Tiianate 
(PZT)  thin  film  capacitors.  Although  each  degradation  property  has  been  studied  extensively 
for  the  sake  of  material  improvement,  it  is  desired  that  they  be  understood  in  a  unified 
manner  in  order  to  reduce  degradation  properties  simultaneously.  This  can  be  achieved  if 
a  common  sourcefs)  of  degradations  is  identified  and  controlled.  In  the  past  it  was  noticed 
that  oxygen  vacancies  play  a  key  role  in  fatigue,  leakage  current,  and  electrical 
degradation/breakdown  of  PZT  films.  It  is  now  known  that  space  charges  (oxygen 
vacancies,  mainly)  affect  ageing,  too.  Therefore,  a  quantitative  ageing  mechanism  is 
proposed  based  on  oxygen  vacancy  migration  under  internal  field  generated  by  either 
remanent  polarization  or  spontaneous  polarization.  Fatigue,  leakage  current,  electrical 
degradation,  and  polarization  reversal  mechanisms  are  correlated  with  the  ageing  mechanism 
in  order  to  establish  guidelines  for  simultaneous  degradation  control  of  PZT  thin  film 
capacitors.  In  addition,  the  current  pitfalls  in  the  ferroelectric  test  circuit  is  discussed,  which 
may  cause  false  retention,  imprint,  and  ageing. 

INTRODUCTION 

It  is  known  that  common  degradation  properties  observed  in  ferroelectric  thin  films  are 
fatigue,  ageing,  retention,  imprint,  and  low  voltage  breakdown  including  electrical 
degradation.  These  properties  have  been  studied  extensively  in  order  to  improve  reliability 
for  industrial  applications[l-10].  In  general,  each  property  has  been  improved  separately. 
Unfortunately,  however,  there  is  a  trade-off  in  the  improvements  of  these  properties.  For 
example,  when  fatigue  is  reduced  by  using  ceramic  electrodes,  leakage  current  increases[l  1]. 

Therefore,  there  is  a  need  for  guidelines  to  either  develop  a  compromise  among  degradation 
rates  or  reduce  these  degradations  simultaneously.  For  this  purpose,  it  is  important  to 
understand  degradations  in  a  unified  manner.  Then,  correlationfs)  among  degradations  will 
provide  clues  for  their  simultaneous  control.  Correlations  can  be  achieved  if  a  common 
controlling  parameter  of  each  degradation  is  identified.  In  PZT  films,  it  was  reported  that: 
(i)  leakage  current  is  controlled  by  Schottky  emission  at  the  interface[l  1],  (ii)  polarization 
reversal  is  determined  by  the  coefficient  of  the  dielectric  viscosity!  12]  and  interface  state]  1 3], 
and  (iii)  fatigue  occurs  due  to  defects  in  conjunction  with  interface  state  and  the  coefficient 
of  the  dielectric  viscosity]  1].  It  was  also  reported  that  the  source  of  electrical  degradation 
and  breakdown  for  ferroelectrics  is  oxygen  vacancies]9-10].  A  quantitative  mechanism  to 
describe  the  phenomena  of  ageing  is  yet  to  be  developed;  however,  it  is  known  that  the 
source  of  ageing  is  primarily  due  to  space  charge[4,51.  Also  the  mechanisms  involved  in 
retention  and  imprint  remain  undeveloped.  However,  when  taking  the  test  conditions  into 
consideration,  it  is  easy  to  understand  that  they  are  related  to  the  ageing  mechanism. 
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Hvsteretic  property 

Hysteretic  properties  of  PZT  thin  films  are  described  by  the  polarization  reversal  model 
which  includes  polarization  due  to  domain  nucleation,  growth,  merging,  and  shrinkage.  The 
total  electric  displacement  D,  generated  by  external  electric  field  ,  consists  of  the  linear 
dielectric  polarization  and  the  nonlinear  polarization  Pj  caused  by  electric  dipoles[14]. 

D  =  £^eE,*Pj  (1) 


where  is  the  permittivity  of  free  space  and  e  is  the  linear  dielectric  constant  of  the 
ferroelectric.  The  rate  of  polarization  as  suggested  by  Rudyak[15]  based  on  Barkhausen 
Jumps  at  the  domain  wall  is  given  as: 


(It 


=  Constant - 


(Pn,  -Pj 


(2) 


where  P^  is  a  constant  and  t  is  the  relaxation  time  which  is  associated  with  the  coefficient 
of  the  dielectric  viscosity  p: 


is  the  macroscopic  electric  field  related  to  the  external  field  and  internal  field  E^ 
generated  by  polarization: 

E,  =  -£,  =  E^  -  JL  £,  (4) 


Here  r]  is  the  depolarization  factor  and  is  the  total  polarization  which  includes  both  linear 
and  nonlinear  polarization.  When  external  field  increases  linearly  with  time  (  E^  =  at  ). 
polarization  rate  is  expressed  as: 

^  =  Com  _  ,5) 


where  is  a  constant. 

In  the  domain  growth  stage,  for  the  ferroelectric  which  has  been  preset  by  an  electric  field 
cycle,  domain  growth  rate  will  be  proportional  to  existing  domain  size  because  the  larger  the 
domain  size  is,  the  greater  the  chance  of  Barkhausen  jumps  at  the  domain  walls.  In  addition, 
internal  fields  due  to  polarization  are  negligible  in  comparison  to  the  external  electric  field 
because  the  polarization  is  low  at  (his  stage.  Thus,  domain  growth  rate  can  be  expressed  as. 


dPa 

dE, 


(6) 


where  k  is  an  interface  related  constant  and  Nj  is  the  critical  size  for  domain  nucleation. 
At  the  domain  merging  stage,  the  chance  of  Barkhausen  jump  decreases  because  available 
area  for  the  jump  decreases  due  to  domain  merging.  In  addition,  internal  fields  become 
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comparable  with  external  field  because  of  high  polarization  at  this  stage.  Therefore,  the 
polarization  rate  at  merging  stage  is  expressed  as: 

dP.  E, 

dE^  ap  ” 

where  ^  is  also  an  interface  related  constant. 

Polarization  process  at  the  domain  shrinkage  stage  is  simply  a  relaxation  type  and  it  occurs 
spontaneously  as  the  external  field  decreases.  Thus,  polarization  rate  can  be  described  as; 

dP^  r 

-J-  -  )  (8) 


where  ^  is  another  interface  related  constant. 

When  hysteresis  loop  is  simulated  based  on  the  above  polarization  model,  'he  linear 
dielectric  constant  can  be  calculated  either  at  domain  merging  stage  or  domain  shrinkage 
stage.  Fig.  1  presents  an  example  of  hysteresis  simulation  with  calculated  linear  dielectric 
constants  where  both  linear  constants  show  essentially  the  same  value 

Fatiuue 

Fatigue  is  referred  to  as  the  decrease  of  switchable  polarization  with  increasing  switching 
cycle.  Under  alternating  pulses,  oxygen  vacancies  may  move  back  and  forth  in  the 
ferroelectric.  When  some  vacancies  arrive  at  the  PZT-electrode  interface,  they  are  trapped 

there  because  the  chemical 
potential  of  vacancies  is  much 
lower  at  the  interface  tiian  in 
the  PZT  body.  Once  they 
‘  are  trapped,  it  is  difficult  for 

''  ■  ■  ■ ) !  vacancies  to  move  back  to  the 

PZT  body  because  of  the 
Ion  chemical  potential  barrier. 

Thus,  vacancy  entrapment 
'  =  occurs  continuously  even 

'  under  alternating  pulses.  It 

is  easy  to  understand  that 

_  . . . .  .  ^ _ _  _  c,„  polarization  at  a  certain  test 

.’0!)  -  I'.io  10  .'I'.  cycle  n  is  different  from  that 

at  the  next  cycle  n+1  since 
P'/PZT,  PI  timi  film  ,  ■  ■  ,  .  j 

,  polarization  loss  has  occurred 

Thickness  ;  300  nin  i  j  i  i 

-25  ,  already  at  the  test  cycle  n. 

Fxpenmeiii  ■  ..••  -'7'-  6  '  "in  X  0  1  mni  Since  polarization  induces 

internal  fields,  an  internal 
field  difference  is  expected 
'o  between  cycle  n  and  cycle 

71+ 1.  Therefore,  effective 
movement  is  determined  by 
internal  field  difference 
resulting  in  effective 

Fig,  1  Hysteresis  loop  simulation  (Ref.  13)  entrapment  at  a  certain  cycle 
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Fig,  1  Hysteresis  loop  simulation  (Ref  13) 


n.  When  considering  exp(-£,)  =  1-f,,  entrapment  rate  can  be  expressed  as  : 


—  =  XA£, 
dn  ‘ 


(9) 


where  N  is  total  number  of  defects( oxygen  vacancies,  mainly)  trapped  at  the  interface. 

As  defects  (oxygen  vacancies)  accumulate  at  the  interface,  this  area  undergoes 
microstructural  damage  resulting  in  polarization  loss.  Defect  cnlcapmem  at  a  certain  site 
affects  adjacent  sites  because  a  certain  atomic  site  is  connected  to  other  neighboring  atomic 
sites.  When  another  defect  is  entrapped  at  the  site  which  has  been  already  affected  by  the 
initial  defect  entrapment,  the  damage  effect  will  be  less  in  comparison  to  the  previous  one 
because  the  previous  site  has  been  damaged  already.  Therefore,  polanzation  loss  rate  will 
decrease  as  defect  entrapment  increases  and  will  then  be  proportional  to  the  existing 
polarization. 


UN 


(10) 


where  v  is  a  dimensionless  constant  which  is  related  to  the  crystal  lattice  structure. 

When  the  electric  polarity  is  switched  during  the  fatigue  test,  polanzation  reverses. 
Polarization  is  determined  by  the  domain  wall  velocity  u  which  can  be  expressed  by  electric 
field  and  domain  wall  mobility  /r .  Thus,  internal  field  difference  gives  rise  to  domain  wall 
velocity  difference: 


At)  =  /iA£i  = 


Constant 


A£. 


(11) 


where  p  is  the  coefficient  of  the  dielectric  viscosity.  When  defects  are  trapped  at  the 
interface,  internal  field  decreases  due  to  polarization  loss.  This  internal  field  reduction  also 
gives  rise  to  reduction  of  internal  field  difference  and  resultant  reduction  of  domain  wall 
velocity  difference.  It  is  assumed  that  domain  wall  velocity  difference  decreases  in 
proportion  to  the  defect  entrapment  ; 

M  ,12, 

d/V  dn 


Eqs.  (9),  (10),  (11),  and  (12),  we  obtain; 

P  =  £„(/fnt|)^  (1-^) 

where  is  the  initial  polarization,  A  is  the  piling  constant,  and  m  is  the  decay  constant.  A 
controls  steady  state  of  polarization  and  m  controls  polarization  decay  rate. 

Leakage  Current 

Non-ohmic  leakage  current  is  observed  in  PZT  thin  films  with  different  current  level  for 
different  polarities.  Non-ohmic  leakage  current  is  controlled  by  several  types  of  conduction 
mechanisms  such  as  simple  oxygen  diffusion,  grain  boundary  potential  barrier  height,  space 
charge  limiting,  Poole-Frenkel  emission,  and  Schottky  emission.  When  leakage  currents  of 
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PZT  thin  films  are  plotted  as  a  function  of  electric  field,  it  is  observed  that  they  follow  either 
Poole-Frenkel  or  Schottky  emission.  Schottky  emission  occurs  at  the  interface  between  the 
ferroelectric  and  the  electrode  where  a  Schottky  barrier  is  formed.  If  the  top  and  bottom 
interfaces  are  asymmetric,  leakage  current  levels  will  be  different  for  positive  and  negative 
voltage  biases.  Poole-Frenkel  emission  occurs  via  trap  levels  in  the  bulk.  Therefore, 
current  conduction  controlled  by  Poole-Frenkel  emission  gives  symmetric  current  level  at  both 
positive  and  negative  polarities  regardless  of  asymmetric  contacts.  In  our  samples,  a  PZT 
film  was  deposited  on  the  bottom  electrode  followed  by  annealing;  an  unannealed  tup 
electrode  was  deposited  on  the  PZT  film  with  no  annealing.  Therefore,  top  interfacefcontaci' 
state  is  different  from  bottom  interface.  The  asymmetric  leakage  current  level  for  each 
polarity  implies  that  it  is  controlled  by  interface,  or  in  other  words,  by  Schottky  emission. 
As  shown  in  Fig.  2,  the  asymmetric  1/V  characteristic  follows  Schottky  relationships. 
However,  if  is  noticed  that  I/''  does  not  follow  Schottky  type  at  low  electric  field  This 
anomaly  can  be  explained  when  internal  field  due  to  polarization  is  considered  at  low  electric 
field.  The  Schottky  emission  is  expressed  as; 

J  =A"T  2exp[(  -(|»^  *v{e  )/kT  ]  ( 

where  J  is  the  current  density.  A**  is  the  effective  Richardson  constant,  (t>^  is  the  effective 
Schottky  barrier  height,  c  is  a  constant.  If  electric  field  E  is  replaced  with  macroscopic  field 
El  at  low  electric  field,  the  1/V  characteristics  gives  excellent  curve  fit  as  shown  in  Fig.  3. 


Ijf)  f 

HuOx/l’7T/Ruax 


ii;r>  f 
l'l/l’7.T/l’l 


•  ^ 


KU’flrit  t'icltl  I /;'  i 

Fi^t-  2  .Vsyinnu-trit.'  leaka»<* 
rorrents 


li 

i/e 


f,  =  t  \  -  ''  !• 


Kli-rliK-  IT  >  (MV/ in) 

Kie.  Mn,iil'n  <l  1  \ 


The  evidence  of  Schottky  emission  becomes  clearer  when  the  temperature  dependence  of 
leakage  current  is  studied.  In  Fig.  4,  if  is  obvious  that  activation  energies  which  are 
determined  by  Schottky  barrier  heights  are  different  for  each  leakage  current  level  at  different 
polarities. 
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AGEING  MECHANISM 

Ageing  is  termed  as  switchable  polarization  loss  in  a  poled  ferroelectric  capacitor.  It  is 
well  known  that  one  of  the  causes  of  ageing  is  space  charge  build  up  which  gives  rise  to 
internal  bias.  Ageing  has  been  expressed  [6]  by  an  experimental  equation  as; 

K  =  Kj\ -aT)\ni;t^,  (1?) 

where  K  is  the  dielectric  constant  at  time  f,  a  is  the  probability  constant  of  domain  motion, 
and  T is  temperature.  In  contrast  to  fatigue,  internal  field  is  formed  by  remanent  polarization 
in  ageing  (internal  field  is  generated  by  spontaneous  polarizali  in  in  fatigue)  Space  charges 
such  as  oxygen  vacancies  migrate  to  the  interface  under  this  internal  field  and  build  up  there. 

While  the  effective  unidirectional  defect  movement  caused  by  internal  field  difference  was 
assumed  in  fatigue  mechanism,  continuous  defect  migration  is  expected  under  an  internal  field 
during  ageing.  The  defect  migration  rate  at  a  certain  time  l  can  be  described  as: 
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dt 


=upexri 


-AG  “  »  zqhEif  2 
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(16) 


where  u  ;  Defect  migration  velocity 

g  :  Defect  concentration 
AG  :  Potential  barrier  to  jump 
2  :  Valence  number 
</  :  Electronic  charge 
b:  Jump  distance 

E/f  :  Internal  field  caused  by  remanent  polarization  (=  -5-  />j,| 

As  charged  defects  build  up  at  the  interface,  they  will  balance  the  surface  charges  due  to 
polarization.  It  is  also  possible  for  defects  to  become  populated  at  the  interface  TTie  charge 
balance  will  give  rise  to  temporary  polarization  reduction,  and  defect  entrapment  will  give 
permanent  polarization  loss  Defect  entrapment  causes  structural  damage  and  affects 
neighboring  atomic  sites.  The  charge  balance,  however,  does  not  affect  neighboring  sites. 
Thus,  polarization  reduction  during  ageing  is  expressed  as: 


_ 1^  =  -V  ' ' ' ' 

JN 

where  Pj^  is  the  remanent  polarization  and  v  is  a  constant.  Combining  Eq.l  16)  with  Eq.(  1 7 ). 
we  obtain; 

where  C  is  a  constant.  The  above  equation  is  equivalent  to  the  expenmental  equation 
Eq.(  15). 
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AGEING  RELATED  TESTS 

Retention  is  defined  as  retained  charge  for  the  period  of  time  during  which  the  polarized 
capacitor  is  electrically  isolated  or  a  constant  bias  voltage  is  maintained  across  the  capacitor. 

In  general,  retention  loss  occurs  temporarily  when  tested  in  a  relatively  short  period  of  time. 

However,  if  the  capacitor  underg,  s  either  repetitious  retention  test  or  prolonged  retention 
period,  ageing  occurs.  Fig.  5  presents  a  typical  retention  test  for  RuOx/PZT/RuOx  in  which 
retention  and  ageing  are  demonstrated. 

In  contrast  to  retention  test,  imprint  test  is  carried  out  by  applying  alternating  "write" 
pulses.  So  far  there  is  no  universally  accepted  definition  for  imprint  yet.  But  one  known 
effect  of  imprint  is  the  reading  failure  of  retained  charge  caused  by  preferred  polarization 
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F/g.  5  Retention  for  ns  on  RuOx  dectrode:  Sample  A  was  polarized 

a  day  before  the  -'eiition  test  was  made.  Sample  B  and  C  were 
polarized  only  minutes  before  these  tests 

reading  through  a  certain  period  of  time  during  which  the  alternately  polarized  capacitor  is 
left  isolated  or  undergoes  stress  such  as  electric  field,  illumination,  and  heal  Regardless  of 
test  scheme,  it  is  obvious  that  there  e.xists  a  chance  for  the  device  to  be  aged  if  the  polarized 
device  is  left  at  certain  state  for  a  long  period  of  time  during  these  tests  Both  retention  and 
imprint  mechanisms  should  be  developed  in  conjunction  with  ageing  mechanism 

In  addition,  owing  to  their  long  period  of  test  lime,  a  careful  test  circuit  system  is  required 
for  these  tests  False  data  can  be  collected  during  these  tests  if  leaky  sense  capacitors  are 
used  in  the  Sawyer-Tower  test  circuit.  F.ven  virtual  ground  mode  test  can  cause  such  false 
data  when  there  is  a  leak  in  the  circuit  system.  An  example  of  this  pitfall  is  illustrated  m 
Fig.  6,  where  abrupt  charge  losses  are  observed  at  "open  contact"  when  the  device  was 
polarized  by  negative  "write"  The  device  is  connected  to  the  high  impedance  (lO'"  Si) 
during  retention  period  at  open  contact  option.  Since  the  impedance  is  leaky,  charge  loss  is 
observed  during  both  retention  and  imprint  tests.  When  hysteresis  loop  is  measured  during 
this  charge  loss,  the  negative  remanent  polarization  state  appears  to  shift  to  the  positive 
remanent  polarization  state  during  this  period. 

It  is  important  to  measure  both  switchable  and  non-switchable  polarization  to  understand 
retention/imprinl  mechanism.  It  should  be  noticed  in  Fig.  7  that  non-switchable  polarization 
loss  is  higher  than  switchable  polarization  loss  during  accelerated  retention  test,  while 
switchable  polarization  loss  predominates  non-switchable  polarization  loss  during  fatigue 
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Fig  6  False  retention  and  imprint  due  to  leaks  eireuit 
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f  ORRELATIO.NS  AND  Gl  IDELINES  FOR  REI.lABll.ITV  IMPRO\  EMEM 

From  the  studies  conducted  on  the  mechanisms  involved  in  the  degradatum  properties,  a 
can  be  concluded  that  the  key  parameters  which  control  degradation  piopenics  arc  defect 
concentration,  interface  state,  and  the  dielectric  viscosity  of  ferroelectncs  The  degradation 
properoes  can  be  correlated  to  each  other  based  on  these  parameters  Fig  F  illustrates  these 
correlations.  Leakage  current,  electrical  degradation,  and  breakdown  form  i  sub-group  from 
the  \iewpoint  of  test  time  Semi-quanlilati\e  and  qualiia’  ve  studies  on  so.-ie  ferroelectncs 
suggest  that  defects  play  a  key  role  in  electrical  degradation  breakdown  .kueing,  retenli.  n 
and  imprint  are  also  closely  related  in  their  test  .scheme  Dielectric  \iscosity  plays  an 
important  role  in  fatigue  i  e..  higher  dielectric  viscosity  causes  higher  fatigue  In  addition, 
according  to  the  polarization  reversal  model,  high  dielectric  viscosity  causes  high  coercive 
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field  and  low  remanent  polarization  Thcici'oie,  l\.cr>.c!eetric  materials  w  ith  low  coefficient  of 

the  dielectric  viscosily 
slu'uld  be  developed  in 
order  to  reduce  fatigue 
property  and  guarantee 
high  remanent 
polarization  However,  it 
does  not  follow  that  the 
ferroelectric  with  high 
remanent  polarization 
shows  low  fatigue  at  all 
limes  because  fatigue 
property  is  also  related  to 
interface  stale. 
Therefore,  the  parameters 
should  be  compromised 
for  minimization  of 
degradation  propenies. 

In  Fig,  9.  guidelines  for 
reliability  improvement 
are  provided  on  the  basis  of  the  above  correlations  As  mentioned  before,  a  single  parameter 
cannot  be  considered  for  reliability  improvement  It  is  well  known  that  conductive  ceramic- 
electrodes  reduce  fatigue  property  but  increase  leakage  current.  Thus,  evey  parameter  should 
be  considered  simultaneously  for  the  simultaneous  reduction  of  degradations.  In  our 
preliminary  studies,  we  have  chosen  to  use  dopants! La  and  Nb)  in  order  to  control  defect 
concentration  and  used  a  multilayer  structure!  Lead  Titanate  interlayer  i  along  with  ceramic- 
electrode  to  control  interface  state.  Leakage  current,  fatigue  breakdow  n,  and  retention  tests 
results  are  shown  from  Fig.  10  through  Fig.  12.  respectively.  It  is  noticed  that  2"«La  dopant 
with  Lead  Titanate  interlayer  shows  the  lowest  leakage  current  level  and  stable  fatigue  and 
retention  Even  though  polarization  level  is  low  for  this  multilayer,  it  still  meets  the 
minimum  requirement  for  commercial  memory  application!  lnC  ctn"i 
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CONCLUSIONS 

Correlations  are  not  yet  established  completely  because  retention  and  imprint  mechanisms 
are  not  fully  understood.  Electrical  degradatioa%eakdown  for  PZT  films  should  be  studied 
more  in  order  to  understand  defect  behavior  quantitatively  during  failure.  However, 
preliminary  guidelines  for  reliability  improvement  of  PZT  thin  films  were  established  and  it 
was  observed  that  La  dopant  with  Lead  Titanate  interlayer  (multilayer  structure)  along  with 
RuOx  electrode  shows  potential  for  reliable  ferroelectric  memory  applications 
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NOTE: 


The  term  "degradation",  as  used  in  this  paper,  is  m  accordance  with  the 
definition  as  proposed  in  Ref  9.  The  terms  "degradation"  and  "electncal 
degradation"  are  distmct  and  different  and  are  not  to  be  confused 

The  meanings  are  explained  below: 

In  PZT  ,  degradation  is  a  generic  term  that  means  fatigue,  ageing,  impnnt  and 
electrical  degradation  /  breakdown. 

Electncal  degradation,  per  se,  is  best  explained  by  the  following  figure,  which 
is  reproduced  here  from  Ref  9  for  tlie  reader's  convenience: 


Time  Dependent  Dielectnc  Breakdown 
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ABSTR-ACT 

Twin  related  domain  formation  is  examined  as  a  strain  relaxation  mechanism  .'dr  a 
heteroepilaxial  tetragonal  him  on  a  cubic  substrate.  Elastic  relaxations  are  calculated  for  a 
single  twin  band  in  which  the  c-axis  of  the  tetragonal  dcmains  is  either  related  b>  a  oi) 
rotation  about  an  axis  in  the  plane  of  ihe  film  or  by  a  90'  rotation  about  the  surface  normal 
In  all  cases,  the  strain  energy  change  is  evaluated  for  both  the  film  and  the  substrate  A 
domain  pattern  map  is  developed  that  predicts  single  domain  and  multiple  domain  field' 
depending  on  the  relative  misfit  strains  and  domain  wall  energy.  The  concept  of  a  criiiea! 
thickness,  h^.  for  domain  formation  is  developed.  For  cases  in  which  the  c-axis  is  rotated  9i.i 
about  an  axis  in  the  plane  of  ihe  film,  the  cniical  thickness  depends  only  on  the  relative 
coherency  strain  between  the  substrate  and  film  and  the  ratio  of  the  domain  wall  energv  to  the 
stored  elastic  energy  For  the  case  of  a  pattern  consisting  of  energetically  equiv  alent  domains 
with  the  c-jxis  in  plane,  the  equilibrium  distance  of  nwlnph  domains  o  denied.  For  such 
multiple  domains,  a  minimum  wall  separation  distance  exisis  which  depends  non-linearlv  on 
the  film  thickness 

INTRODLCTION 

In  this  paper,  the  possibility  of  twin  related  domain  tbrmaiion  is  examined  as  a 
mechanism  of  strain  energy  relea.se  in  the  hcteroepitaxial  growth  of  thin  films.  For  this  to  be 
possible,  there  must  be  at  least  two  possible  orientations  ivariants  or  twmsi  in  which  the 
strained  film  can  align  with  respect  to  the  substrate.  The  interest  in  this  problem  is  motiv  ated 
by  current  activity  in  the  growth  of  thin  film  ferroelectncs  (1.2.  3j  and  thin  film  ferroelasncs 
[4],  Domains  must  be  considered  as  a  mechanism  of  strain  energy  release  m  the 
heteroepilaxial  growth  of  tetragonal  ferroelectrics  such  as  lead  titanaie  or  barium  tiianatc  on 
single  crystal  cubic  subsirates  such  as  strontium  titanaie.  The  stability  iif  monovanant  films 
IS  a  critical  issue  for  ferroelectric  applications  .suc.h  as  sensors  or  memory.  Therefore,  noi 
only  the  formation  of  periodic  domain  arrangemenis.  but  also  single  embedded  domain 
segments  require  study. 

Lattice-matched epitiixv  provides  a  continuous  elastic  constraint  for  the  thin  film  m 
two  dimensions,  the  film  in  ."  'Yeely  relax  m  the  surface  normal  direction.  The  elastic 
constraint  is  achieved  by  matching  ihe  two-dmiensionai  film  periodicity  to  the  two- 
dimensional  periodic  potential  of  the  substrate.  Therefore,  elastic  relaxations  can  only  be 
concentrated  in  the  film  and  substrate  near  discontinuities  such  as  edges  or  domain 
boundaries,  as  demonstraied  in  extensive  elasticiiv  calculations  bv  Hu  l.'|  .md  bv  Freund  arc. 
Hu  [6]. 

RESLLT.S  A.ND  DISCUSSION 

Definition  of  the  Problem  and  Physical  Model 

Tile  problem  considered  here  involves  the  strained  epna.xy  of  a  thin  tetragonal  film  on 
a  cubic  substrate,  poraain  formation  is  driven  by  minimizing  the  stored  elastic  energy  and  in 
ferroelectncs  by  addinonally  reducing  the  electrostatic  energy  For  the  sake  of  simpiicity  of 
the  elast. CUV  analvsis.  ae  consider  90'  boundaries  which  are  normal  to  the  fiinvsuhsiraie 
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a,  -  domain  32  -  domain  c  -  domain 


c  /  a,  /  c  -  domain  a. c  /  a,  -  domain 


pencdic  m.oiople  a.  -  a;  •  patem 


Figure  1  Characteristic  configurations  of  multivanant  tetragonal  domains  on  an  lOOl 
cubic  substrate. 


tnterface  and  the  domain  boundary  energy  will  be  estimated  by  the  twin  boundary  energy. 
We  believe  that  the  elastic  effects  of  normal  and  inclined  boundaries  qualitatively  show  the 
same  behavior.  (In  ferroelectric  films  the  domain  boundaries  may  be  inclined  to  preserve  the 
normal  component  of  the  polarization  vector  across  the  boundary,  thus  avoiding  space 
charges,  i  The  analysis  is  correct  for  ferroelasiics  or  other  non-polar  multivariani  materials. 

We  consider  cases  in  which  either  the  (001)  plane  (c-a\is  normal)  or  1 100)  plane  of 
the  film  are  parallel  to  the  film/substrate  interface  The  substrate  plane  corresponds  to  (001  i 
of  a  cubic  crystal.  The  lattice  parameter  of  the  substrate  square  lattice  is  b  and  the  lattice 
parameters  of  the  film  are  n  and  c.  The  coordinate  system  used  is  shown  in  Fig.  1.  For  the 
present  problem  the  interface  is  assumed  to  be  fully  coherent  and  thus  free  of  misfit 
dislocations.  It  is  important  to  note  that  generation  of  misfit  dislocations  represents  a 
competitive  process  for  strain  reia.xation  for  all  misfitting  films. 

The  film  thicisness  is  li  and  the  .x  and  y  a,xes  lie  in  the  plane  of  the  interface.  W'e  have 
to  distinguish  three  different  domain  orientations.  For  one  orientation,  referred  to  as  the  i 
domain  in  the  following,  the  (001)  plane  of  the  tetragonal  crystal  is  aligned  along  the 
interface  with  the  substrate.  Far  from  any  lateral  interfaces,  the  misfit  strains  of  this  domain 


are  given  as  .Additicnallv.  the  two  variants  of  the  film  in  which 

‘  h 

the  (100)  plane  lies  in  the  interface  are  relevant.  Variant  1  of  the  a-domain  has  misfit  strains 


and  will  be  referred  to  as  the  a|  domain.  For  the  variant  2  of 


the  a-domain.  we  select  an  orientation  with  misfit  strains  =  £■«.  e.  i  =  f  and  refer  to 


this  domain  as  a-i. 


We  beein  bv  eoniiclerin^  a  ihm  niist'utmg  film  on  a  >erm-inimite  ^ub-.iraie  Initia;.  ■ 
the  film  has  infinite  lateral  extent.  Two  .'ases  are  considered.  In  Case  1.  tlic  lil^m  is  loadeJ  :n 
tension  in  the  x-direction,  in  Case  II  the  film  is  loaded  in  compression  in  the  x  direction 
Because  the  substrate  is  semi-infinite  all  stress  and  strain  is  concentrated  in  the  tilm.  Now 
consider  the  effect  of  finite  size  domains.  Far  from  any  boundaries,  we  anticipate  that  the 
film  and  substrate  have  the  same  stresses  and  elastic  displacements  as  a  laterally  infinite  Him 
At  the  boundaries  however,  the  film  can  no  longer  sustain  a  normal  stress  ,  and  there  are 
resulting  elastic  relaxations  in  both  the  film  and  the  substrate.  There  is  a  characteristic  stress 
relaxattSn  length  in  the  film  of  the  order  of  the  film  thickness  h.  If  we  bnng  islands  together 
with  differenrepita.xial  misfits,  then  the  net  strain  and  displacement  .lelds  can  be  described 
bv  a  superposition  of  the  stress  and  displacement  Helds  ot  isolated  islands^  When  band-like 
domains  w  ith  a  large  extension  along  the  y-axis  are  considered,  there  will  ^  a  long-range 
stress  relaxation  with  a  logarithmic  singularity  in  energy  for  a  single  bounda^^lTf  Ihus. 
domain  boundaries,  and  the  material  near  the  boundary,  act  as  displacement  absorbers  in 
heteroepitaxial  systems.  This  process  of  mutual  elastic  accommodation  provides  the  ba-sis  tor 
domain  patterning  as  a  mechanism  of  strain  energy  release  in  muhivariani  hin  tilms. 

Equilibrium  Domain  Structures 

From  this  phenomenological  description  of  stress  relaxation  along  J‘>,'Hain 
boundaries,  .some  aencr.il  results  may  be  established  concerning  the  stabiliiv  ol  diticic:.! 
misfittina  thin  film'struciures.  The  film  forms  three  variants  relative  to  the  substrate  the  .  ■ 
axis  IS  eilner  normal  to  the  film/substrate  interlace  ic  variant!,  or  parallel  to  the  interlace  gi 
and  a-  variantsi.  The  variants  may  coexist  to  form  domains;  a  tew  patterns  are  shownjn  i.. 

1  Here  we  analvze  the  equilibrium  domain  patterns  which  result  from  the  compcti  icn 

between  the  strain  energy  reduction  and  the  domain  wall  energy  Thus, 

thicknes.s,  h.  and  domain  width,  u.  are  regarded  as  variables  in  minimizing  the  combine^ 

strain  and  domain  wall  energy.  m  .1 

Our  analysis  indicates  that  a  diagram  ot  equilibrium  domain  patterns  ma,  be 
developed  by  using  two  non-dimensional  vartabJes.  the  relative  coherency  strain  e.  2i\  en  y 

the  ratio  of  one  misfit  strain  .  to  (he  tetragonality  strain,  fy  =  c.  =  jr;] 

u 

and  the  ratio  of  the  strain  energy  over  the  domain  wall  energy  hEcjly  .  where  /  is  the 
specific  domain  wall  energy,  and  £  is  Young  s  modulus  of  the  film.  A  calcuiaieu 

eauilibrium  diasram  Is  presented  in  Fig.  2.  .  .-1 

When  h<  a.  or  tv  <  0,  all  variants  are  under  biaxial  compression;  the  iiltn  tends  .0 
make  an  u-to-c  switch  to  stabilize  as  a  single  c-domain.  When  b  >  c,  or 
are  under  biaxial  tension;  the  film  tends  to  make  a  c-lo-u  switch  to  stabilize  wita  jlternatm., 
(ii  and  u'  domains.  A  value  Cr  =  exists  where  the  epitaxy  causes  the  same  strain  energ. 
in  the  a  and  c  variants.  This  is  the  venical  line  in  Fig.  2;  the  c  variant  dominates  on  the  leit, 

and  the  a  variants  jemmate  on  the  right.  A  multi-domam  region  appears  near  cc  -  Ac  <  t  ,  , 
e,.  -t-  Jc  For  example,  when  c,  <  c...  the  strain  energy  of  a  large  c-domain  may  be  dimmisnea 

bv  embeddine  small  u-domains.  Similarly,  when  e.xy.  r‘',V'''^TMM'’e"he^-oexwr''- 
within  a  iarse  u-domain.  The  mechanism  is  ellicient  tor  thicker  lilms  beca^use  .he  coe.  i 
variants  mlhe  film  add  domain  walls  and  detorm  the  substrate.  Thus  the  range  ot  st  .. 
multioie  domain  siruciures  increases  with  increasing  tilm  ihicknesv 

Epitaxial,  monovariani  films  of  either  type  a  or  c  provide  the  te.erenc^  .or  the 
chan^’e  to  be  considered  in  the  later  sections.  Because  the  film  is  much  thinner  a  .  c 
substmie.  the  substrate  is  undeformed  and.  to  match  the  undelormed  lattice  01  the  substrate. 


the  film  is  strained  by  e,  -  ,  -  - 

for  the  u-vanants  are  determined  by  Hooke  s  law.  The  strain  energy  per  unit  volume  Mn  be 
readilv  computed  lor  both  the  u-variants  and  the  c-varianl.  Note  that  the  u,  and  ij_  v arian 
have  the  same  strain  energy.  It  follows  by  equating  the  enerp-  ° 

and  c  domains  that  both  variants  are  eneraetica'.ly  equivalent 


The  stresses  in  the  film  for  the  c-variant  and 


182 


Normalized  Coherency  Strain,  e,  =  ^ 


Figure  2  Equilibrium  diagram  ot  domain  paiicrns.  The  domain  pattern  lieids  are 
computed  on  the  basis  of  idealized  eontlguraiions  discussed  in  the  text. 

e,  =  e.  =  — Si —  =  — ! — .  This  is  the  venical  line  in  Fie.  2.  =  0.?S5  ifor  e  =  n..'‘ 

Ea  -  £,  -  ( i 

The  c-variant  has  the  lower  strain  energy  on  the  left  of  the  line,  and  the  u-vananis  have  the 
lower  strain  energy  on  the  right. 

Further  simplifications  will  be  invoked  to  calculate  the  strain  energy.  The  film  and 
the  substrate  arc  taken  to  be  elastically  isotropic  and  homogeneous  wuh  Young  s  .modulus  E 
and  Poisson's  ratio  v.  (.A  value  v  =  0.3  will  be  used  in  the  plots. i  Domain  walls  are  assumed 
to  be  perpendicular  to  the  film/substrate  interface.  Each  domain  is  long  in  the  y-directism 
compared  to  the  film  thickness,  so  that  stres.ses  everywhere  are  invariant  with  respect  to 
To  simplify  some  of  the  calculations,  the  film  is  sandwiched  between  two  thick  substrates,  so 
that  Green's  functions  for  an  infinite  .space  under  plane  .strain  condiiions  can  he  used,  as 
described  elsewhere  [8]. 

Formation  of  Domain  Bands 

When  e,  <  e,  even  though  ihe  c-variant  has  a  lower  strain  energy  than  the  .i-variani. 
a  small  u-domain  may  emerge  in  a  large  c-domain  to  reduce  the  elastic  energs  in  the  lilm 
This  is  done  at  the  expense  of  adding  the  domain  walls  and  deforming  the  substrate.  Proper 
energy  accounting  requires  that  the  clasttciiy  problem  be  solved  rigorously.  In  what  follow  s 
a  specific  configuration,  a  long  upband  in  a  large  c-domain  (Fig.  3i,  is  analyzed.  We  will 
determine  (i)  the  equilibrium  band  width,  and  (iVi  the  stability  range  for  domain  formation. 
The  upbands,  disrupdng  a  perfect  c-variant  film,  bear  much  similanty  with  other  strain- 
relaxing  mechanisms  in  thin  films.  Familiar  examples  include  misfit  dislocations  (ri|  and 
channeling  cracks  [10]. 

The  lattice  misfits  among  the  variants  and  the  substrate  cause  a  complicated  stress 
field.  We  solve  the  elasticity  problem  by  linear  superposition  .  Consider  Problem  A  first, 
shown  schematicailv  in  Fig.  3.  Staning  from  the  unbonded  upband,  c-domam  and  substrate, 
the  upband  is  deformed  to  match  the  3D  lattice  of  the  c-domain.  Compared  w  ith  the  ^traln 
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Figure  3  Micromechanical  model  of  an  embedded  domain  band.  In  Problem 

clamping  tractions  are  applied  to  match  the  variants  and  the  substrate  In 
Problem  B  tractions  oj  in  the  opposite  directions  are  applied  to  remoc  e  Or  in 
Problem  A. 

energy  per  unit  domain  band  length  in  an  epiia.xially  bonded  c-monovariant.  Problem  .A 

increases  the  strain  energy  bv  (i  a  =  — ^  £r  h  :c  I  ^  -  t’A 

-  •  1  -  V  -  V  ’ 

Problem  A  ditfers  from  the  problem  of  a  c-monovariant  one  aspect:  the  clamping 
tractions  Or  that  prevent  relaxation.  Upon  removing  the  tractions,  the  lattice  mismatche-. 
deform  the  system.  On  the  basis  of  linear  superposition,  the  displacement  field,  after 
removing  (Jr  from  Problem  .A,  is  the  same  as  that  induced  solely  by  the  negative  tractions 
without  the  lattice  misfits,  as  illustrated  by  Problem  B.  The  strain  energy  is  reduced  and  the 
change  in  the  strain  energy  scales  as  L/g  =  ■  where  g  is  a  dimensionless 

function  of  iv//i.  The  displacements  in  Problem  B  are  obtained  by  iniegrating  GreenA 
functions;  L'b  is  the  work  done  per  unit  band  length  by  tractions  ffr  through  the  associated 
displacements.  Both  are  descnbed  in  elsewhere  [8]. 

The  difference  in  the  strain  energies  in  a  large  c-domain  with  and  without  the  u  ;- 
band,  is  shown  in  Fig.  4,  varying  with  both  w  and  e,.  Two  types  of  behaviors 

emerge.  When  -  Ae  =  0.2149,  embedding  an  a|-band  of  any  w  increases  the  strain 

energy,  so  that  the  c-monovarianl  is  favored.  When  <  Hr  <  Cc-  an  a  i -band  over  a 

limited  range  of  width  decreases  the  strain  energy.  The  equilibrium  band  width  vv,,j 
minimizes  the  strain  energy,  which  is  indicated  in  Fig.  4  for  one  value  of  e, .  .Also  indicated 
IS  the  strain  energy  reduction  due  to  embedding  the  a  i -band 
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Figure  4  Coleulaied  difference  m  the  strain  energies  between  a  large  i  -doniain  with  and 
without  the  upband  for  various  relative  coherencs  strains  e,  The  equilibrium 
band  width  and  the  associated  reduction  in  the  sirain  energy  are  indicated  tor 
one  curve. 

Embedding  an  upband  into  a  c-domain  adds  two  domain  walls.  The  a  -  -band  lorms 
when  the  strain  energy  reduction  compensates  the  domain  wall  energy,  i.c  . 

U,-.i  -r  2yli  <  0.  Because  6',^  scales  as /i-.  this  condition  defines  a  critical  film  thlcknes^. 
below  which  the  upband  is  unstable,  and  the  film  stabilizes  as  a  o-monovanant.  The  criticai 
thickness,  obtained  from  the  calculated  tVo-  is  plotted  in  Fig.  2,  separatin'?  two  regions  'M 
equilibrium  domain  patterns:  the  c-monovanant  prevails  below  the  curve,  a.  -bands  li'rm 
above  the  curve. 

When  Cr  >  Cl,  an  epitaxial  a-monovariant  has  lower  strain  energy  than  . 
monovariant.  Similar  calculations  lead  to  the  symmetnc  pattern  in  Fig.  2  which  separates  the 
region  of  coexisting  a  and  c  domains  from  the  region  of  only  a  variants. 

Patterning  of  Equivalent  Variants 

Now  consider  the  region  in  the  equilibrium  diagram  where  the  c-variani  completeiv 
disappears.  Epitaxial  films  of  single  Ui  oru;  variant  have  the  same  strain  energy  Nk  e  w  i':'. 
show  that  the  film  stabilizes  with  alternating  ui  and  <i;  domains  -  that  is,  a  monovariant  film, 
say  of  a  I -type,  is  unstable  for  any  film  thickness.  Our  conclusion  thus  ditfers  from  that  ol 
Roytburd  [1 IJ, 

The  two  variants  are  assumed  to  form  aitemaling  bands  with  the  same  width  w  iFig 
1).  The  two  variants  accommodate  each  other,  reducing  the  strain  energy,  causing  a 
complicated  stress  distribution.  The  elasticity  problem  is  solved  by  linear  superposition 
descnbed  elsewhere  [8]. 

Including  both  the  change  in  the  strain  energy  and  the  domain  wall  energy  i  with  respect  to  a 
monovariant).  the  average  energy  change  in  the  system,  per  unit  length  in  both  t  and 
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Figure  3  Total  energy  changes  as  a  result  of  the  competition  betueer.  domain  wall 
energy  and  strain  energy  reduction  due  to  patterning  mote  the  log-linear  scales 
employed). 

directions,  is  computed  results  are  plotted  in  Fig.  5,  vary  ing  with  the  domain 

width  and  the  domain  wall  energy.  .Note  that  the  "energy  change"  is  w  iih  respect  to  the  strain 
energy  in  an  ai-monovanant.  When  w//i  is  small,  the  domain  wall  energy  dominates  so  that 
the  energy  change  is  posttive.  When  w/h  exceeds  some  finite  value,  the  strain  energy 
reduction  dominates  so  that  the  energy  change  becomes  negative.  The  average  energy 
becomes  indistinguishable  from  that  of  a  monovariam  film  for  large  w/}\.  Consequently,  iin 
equilibrium  domain  width  exists  for  any  film  thtekness  which  minimizes  the  total  energy 
below  the  strain  energy  of  the  a-monovanani.  That  is,  the  aitemattnq  pattern  is  ai\ut\s 
energetically  favored  over  an  a  monovariam. 


CONCLUSIONS 

By  minimizing  the  combined  strain  energy  and  domain  wail  energy,  we  base  developed  a 
diagram  of  equilibnum  domain  patterns  for  a  tetragonal  film  epitaxially  grow  n  on  a  cubic- 
substrate  ( Fig.  2 ).  The  t  and  a  variants  dominate  over  the  two  sides  of  the  diagram,  separated 

by  a  critical  value  of  the  misfit  parameter,  =  e.  When  e.^  -  Je  <  e-  <  e,  a  critical  liim 
thickness  exists  below  which  the  film  stabilizes  as  a  perfect  c-variant.  Above  the  critical 
thickness,  bands  of  ui  vanant  traverse  the  c-vanani  to  reduce  the  strain  energy  When  e^  <  er 
<  e^.  +  Je.  a  critical  film  thickness  exists  below  which  the  c-variant  disappears  completely 
In  this  region,  the  film  can  only  stabilize  with  alternating  a|  and  az  domains,  but  not  a 
monovariant.  The  dependence  of  the  stability  ranges  on  the  relative  coherency  strain  of  the 
film/substrate  system  opens  a  way  for  the  engineering  of  domain  configurations.  .Many 
parameters  may  be  varied  to  control  the  domain  stiucture,  including  choice  of  substrate,  and 
alloying  the  substrate  and  film  to  control  lattice  parameters 
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ABSTRACT 


Several  coniluctivc  slructLires.  which  appeared  to  t>e  usable  as  b.ise  electrodes  Im 
intcitrated  devices  based  on  hij;h  dielectric  materi.iK,  have  been  annealed  I'oi  ^0  niin- 
utes  in  o.xypcn  at  b.'vO  C.  Similar  structures  coaled  with  lead-based  Cerioeleclrics  de¬ 
posited  by  the  sol-gel  melhoil  have  been  annealed  for  I  min  in  owgen  at  higher 
temperatures.  The  materials  have  been  characleri/ed  by  Ruiheil'onl  backscatieiing 
(RBS)  and  scanning  electron  microscopy  (SEM)  and  the  crysiallogi aphic  siiucture  oL 
the  ferroelccti ics  films  has  been  determined  by  X-ray  diffractomeli v  I.XRD). 

Only  RuOj  Ru  has  been  found  to  be  suitable  as  an  electrode,  at  lemperaiurcs  not 
exceeding  fi5()  X.  It  has  also  been  found  that  the  cleciiodc  materials  can  strongh  af¬ 
fect  the  crystallization  behavior  of  the  sol-gel  ferrocleclric  films  and  the  foim;ition  of 
single-phase  perovskile  layers. 


INTRODUCTION 


Ferroelectric  and  paraclcctric  materials,  characterized  by  special  electrical,  optical, 
and  piezoelectric  properties  are  good  candidates  for  a  large  variety  of  applications, 
such  as  nonvolatile  memories T  2^  ilynamic  random  access  memory  (DRAM)', 
optical''  2.  or  piezoelectric  devices.'*  For  device  fabrication  these  films  have  to  be  de¬ 
posited  on  suitable  base  electrodes.  A  variety  of  materials  have  been  studied  as  such 
electrodes  an<l  the  following  is  only  a  partial  representative  list;  Pi.  Pt  Ti. 
Ru02,  RcO,,  deposited  on  SiOj/Si  or  MgOT^^  pt/Ja  on  Si',  indium  tin  oxiile,  stannic 
oxide.  Inconel,'*  a  nickel  alloy  similar  to  Inconel."  palladium  on  sapphire.'* 

The  high  dielectric  values  of  the  fcrroclectric/paraelectric  materials  makes  them  an 
important  candidate  fiir  future  generations  of  DRAM,  where  higher  integration  may 
require  materials  of  high  dielectric  constants  in  order  to  be  able  to  construct  cells  of 
sufficient  capacitance  in  the  reduced  available  area.  Integration  of  ferroelectric  or 
paraclcctric  materials  in  devices  based  on  silicon  technology  requires  the  deposition  of 
the  high  dielectric  constant  materials  on  suitable  electrodes,  in  electrical  contact  with 
the  Si.  In  order  to  obtain  the  ferroelectric  or  high  dielectric  properties  the  materials 
have  to  be  generally  annealed  at  elevated  temperatures  in  an  oxidizing  environment 
and  the  electrodes  must  be  compatible  with  such  processing  conditions.  The  oxide 
compounds  cannot  be  deposited  directly  onto  silicon  because  the  interaction  of  the 
oxides  with  silicon  at  elevated  temperatures  will  cause  the  formation  of  an  interface 
layer  of  silicon  oxide,  which  will  significantly  reduce  the  effective  dielectric  constant. 
Dielectric  films  useful  for  DRAM  applications  have,  therefore,  to  be  deposited  on  an 
intermediate  base  electrode  which  satisfies  the  following  requirements: 
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1.  it  rcmnin';  clcciiic.'ilty  coniluclivc  .’''icr  expiisurc  tii  :in  (ixitll/iiif;  cruininmcm  ;n 
hij;h  icmpcratiircs  to  nllow  the  conncttion  of  the  niciiiorv  c.'ip.'iLilor  to  tlic  iiansis- 
tor 

2  it  picu'iits  clilTusion  of  oxygen  thtnugli  it  to  the  un<lerl>ing  xillcon  '.nlKiiate  and 
pteseixes  the  electiic.il  piopetties  of  the  ti.insisior 

2.  it  piexents  diffusion  of  sificon  to  the  surface  of  the  elecitoile  and  the  foniialion  of 
an  inteifa^i;il  layer  of  low  dielecliic  constant  silicon  dioxiilc 

4.  it  does  not  interact  with  the  high  rlielectiic  mateii;il  at  the  high  piocessmg  lempei- 
a  1 11  res, 

A  picsious  paper'''  iliscusseil  the  hehaxior  of  sexeral  electrode  sirucluies  upon 
annealing  in  oxygen  at  f>.M)  (.'  for  ,20  min,  I  his  paper  presents  a  comiruiaiion  of  that 
stutly.  It  describes  the  behavior  of  such  structures  in  contact  with  lead  based  ovule 
materials  in  a  variety  of  annealing  corulitions  and  their  effect  on  the  crystalli/alion  of 
sol-gel  deposited  films. 


EXPERIMENTAL 


Following  the  four  iec(uiremenls  mcntionetl  above,  the  following  electrode  structures 
have  been  investigated  in  the  prc'ious  siiulyl'>-  Pi  Ta,  Ft  TiN.  Au  li  TIN.  Ru. 
kuO:  Rti.  The  RtiO;  Ru  anti  TiN  nims  have  been  prepaietl  by  sputtering,  while  the 
other  layers  have  been  preptired  by  electron  beatn  evaporation.  In  spite  of  the  fact  that 
the  l  a  was  found  to  oxidize  when  the  Pi/Ta  structure  was  annealetl  in  ovygen  at  b.sO 
"C  for  .20  min,  this  structure  was  used  in  the  present  stutly  to  investigate  its  behavior 
in  contact  with  ferroelectric  films  fttr  shorter  annealing  times.  The  structuie  was  com¬ 
posed  of  loot)  A  Pi,  over  .“iOO  A  la.  over  Si.  Although  it  tioes  not  satisfy  ret|uiremcnt 
(I)  fiom  above,  the  Pt/  SiO>  structure  was  also  studied  as  an  electrode  in  ortler  to 
compare  its  effect  on  the  crystallization  of  the  oxide  material. 

Lead  titanatc  (PT)  and  lead  magnesium  niobate  with  ieatl  titan..ie.  (PMN-PT 
70- .20)  films  have  been  deposited  by  the  sol-gel  method.  I'hc  I  molar  stock  solutions 
containing  10%  excess  lead  of  PT  and  PMN  were  prepared  from  Ieatl  acetate  ami 
titanium  isopropoxide  (PT),  and  lead  acetate,  magnesium  and  niobium  ethoxidc 
(PMN)  using  the  method  of  Francis  and  Payne."  Hytlrolyzcd  solutions  containing  I 
equivalent  of  water  per  mole  of  metal  alkoxidc  were  dilutetl  with  2-mcthoxvethanol  to 
a  final  concentration  of  0.33  molar  and  aged  overnight  before  deposition.  Films  were 
spun  on  to  I  inch  substrates  at  a  speed  of  2,.‘)0()  rpm  and  drictl  on  a  hot-plate  at  3.S() 
C  for  30  s  between  coatings.  Layers  were  approximately  1 100  A  thick  before  annealing 
and  SOO  A  thick  after  annealing.  Films  were  typically  comprised  of  3  to  .S  layers.  After 
deposition,  the  films  were  annealed  in  oxygen  for  I  min  at  temperatures  up  to  800  C. 

The  materials  have  been  characterized  by  RBS,  SEM,  and  XRD. 


RESULTS  AND  DISC  USSION 

It  was  shown  elsewhere''*  that,  for  a  total  thickness  of  about  1200  A.  after  exposure 
to  oxygen  at  6.50  "C  for  30  min.,  only  the  RuOj/Ru  structure  satisfied  the  conditions 
enumerated  in  the  Introduction.  All  other  structures  appeared  ti'  be  unsuitable  as 
bottom  electrodes  if  exposed  to  oxygen  at  temperatures  above  650  X  for  prolongetl 


191 


pcrioils.  As  iiliisli aloil  in  l  ijjurc  1  for  I’l.  I  IN  (from  Rof.  10).  RBS  shoucil  ihal  llil' 
annealing  rcsullc<.l  in  diffusion  of  oxygen  through  the  Pt  layer  anri  oxidation  of  ihe 
underlying  TiN  film.  Only  the  RBS  spectium  of  the  RuOj  Ru  strueturc  remained 
unchanged  after  annealing  at  (>50  "C  for  .'()  min.,  indicating  that  the  structure  pie- 
vented  the  rliffusion  of  both  oxygen  and  Si  through  it.b' 


A  similar  behavior  w;is  obseru'd  for 
the  Pt/Ttt  structure,  coated  with  a  sol- 
gel  layer  about  2000  A  thick,  ami 
annealed  in  oxygen  at  6s0  C  for  only 
I  min.  I  he  RBS  spectrum  of  this 
sample  showed  the  occtmence  of  oxy¬ 
gen  inside  the  Ta  layer,  indicating  that 
even  such  a  shot  I  tmncaling  lime  iliil 
not  prevent  oxygen  from  ililTusing 
thiough  the  Pt  layer.  1000  A  thick. 
The  oxiilation  of  the  fa  layer  had  a 
disastrous  effect  on  the  annealcil 
ferroelectric  film,  as  illustraicil  in  fig¬ 
ure  2.  1  he  figure  shows  Sf.M  micro¬ 
graph.';  of  Pf  films  deposiietl  on  the 
Pt/'fa  structure  and  .annealed  for  1  min 
at  700  "C  in  oxygen.  I  he  oxidaiion  of 
the  Ta  resulled  in  its  swelling  ami  de- 
l.amination  fiom  the  siibsfate  and 
caused  blistering  and  cracking  of  the 
Ictid  titanatc  film.  In  contiasi  lo  this, 
;i  conO'nuous  and  uncrackctl  film  was 
obtained  after  identical  annetiling  con¬ 
ditions,  when  a  similar  P'f  Him  was 
deposited  on  Pt  SiO;,  T  he  Pi  SiO; 
structure  remained  iinift'rm  ami  well 
adherent  to  the  Si  substrate,  as  shown  in  Figure  3.  In  this  case  the  rlifftision  of  oxygen 
through  the  Pt  had,  as  expected,  no  effect  on  the  electrode  structure.  Ilowexcr  the  Pt 
SiOr  structure  cannot  be  uscrl  as  an  electrode  providing  electrical  contact  lo  the  Si 
wafer. 


Figure  I.  RBS  spectra  of  Pt/TiN: 

(a)  -  as  rleposited;  (b)  -  after  annealing. 


Figure  2.  .SEM  micrograph  of  PbTiO,  on  Pt/Ta:  annealed  in  oxygen  for  1  min  at  TOO 
"(■  (a)  -  top  view;  (b)  cross-section. 
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Figure  X  SFM  micrograph  of  PbliO,  on  Pt/SiO.:  aiiticalcd  in  oxvgci^  for  I  nim  at 
(a)  -  top  view;  (h)  cro’cs-scetion. 
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The  composition  of  the  cicetroilc  af¬ 
fected  not  only  the  unifoimils  of  the 
annealed  ferroelectric  nim  but  also  its 
cryslalli/.alion,  as  illustrtitcd  in  the  fol¬ 
lowing  X-ray  diffraciograms.  F"igurc  4 
compaics  the  diffraciograms  of  2400  A 
thick  PT  films  dcposilcil  on  Pi  SiOj  and 
annealed  for  I  min  at  600  C  ami  XOO  "C. 
respectively.  Formation  of  the  perovskite 
phase  already  occurs  tiftcr  annealing  at 
600  "C  (Figure  4a)  but  the  coi respomling 
X-ray  peaks  arc  small.  After  tinncaling 
at  800  'C  the  X-ray  diffraclogram  dis¬ 
plays  only  strong  and  sharp  petiks  of  the 
perovskite  phase  in  aildiiion  tit  the  peaks 
of  the  substrate  (Figure  4b), 


Figure  4.  X-rav  diffractogram  of  PbTiO,  For  comparison.  Figure  .S  shows  the 
on  Pl/SiOg  (a)  -  annealed  in  oxygen  diffractograms  of  4000  A  thick  P  I 

for  I  min  at  bOO'C;  (h)  -  annealed  in  films  deposited  on  Pt/Ta  and  annealed  loi 
oxvgen  for  I  min  at  800  "('.  ^  ^  icspcctivciy  . 

Annealing  at  600  "C  results  in  the 
crystallization  of  the  pure  perovskite  phase  (Figure  5a),  however  annealing  at  800  'C 
causes  the  crystallization  of  both  perovskite  and  pyrochlore  phases  (Figure  5b).  (The 
volume  fraction  of  perovskite  to  pyrochlore  in  these  samples  cannot  be  asccrtaincrl  with 
any  certainty  from  X-ray  data  because  these  thin  films  all  show  evidence  of  preferred 
orientation.) 


Another  example  of  the  effect  of  the  electrode  material  on  the  crystallization  of  sol- 
gel  deposited  lead  based  films  is  illustrated  in  Figure  6,  which  presents  X-rav 
diffractograms  of  PMN-PT  films  annealed  for  I  min  at  650  "C.  Identical  films  were 
deposited  on  two  structures  namely:  (a)  Pt/Si02;  (b)  a  structure  composed  of  500  A  of 
Pt  over  1000  A  of  Pt-3''/oTi  alloy.  The  film  deposited  on  Pt/Si02  crystallized  in  a  highly 
(100)  oriented  perovskite  phase,  with  a  very  small  amount  of  pyrochlore  (Figure  6a). 
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I  he  nim  ticposilcil  on  the  I't,  Pl-3%l  i  slruelure  eiystalli/.eil  eurnplctely  ililTeienlly, 
The  X-ray  ililTractiiyrani  shown  in  Figure  (ib  displays  a  strong  pyioehloie  peak  aiul 
perovskitc  peaks  of  reilueed  intensities.  I  ne  relative  intensities  of  the  peicnskiie  peaks 
are  also  rlilTercnt  from  those  in  Figure  na. 
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Figure  5,  (left)  X-ray  diffractogranis  of  PbTiO,  on  Pl/Ta:  (a)  -  annealed  In  oxygen  lor 
1  inin  at  WKI  "(  '  (h)  -  annealed  in  oxvgcn  Ibr  I  min  at  800 


Figure  h.  (right)  X-ray  dirfractograms  of  PMN-PI  annealed  for  I  min  at  650  "(  :  (ai  • 

deposited  onl’t/SiO;  (b)  -  deposited  on  l*t-  )"-.  I  i  1  a, 

COINCLUSIOINS 

The  presented  results  showed  that  1000  A  of  Pt  are  insulTieient  to  prexeni  tlilTusion 
of  oxygen  through  it  when  annealed  at  temperatures  as  tow  as  600  for  only  1  min. 
Using  Pt  as  the  oxitlalion  resistant  layer  in  a  base  electrode  structure  would  result  in 
oxidation  <if  the  underlying  layer,  ilisriipting  the  electrical  conductivity  path  to  the  Si 
substrate.  A  conductive  oxide  film,  such  as  RUO2  seems  to  be  the  suitable  choice  foi 
the  bottom  cicctrotic  material,  at  least  for  annealing  temperatures  lower  lluit  6.50  "C. 
Even  in  applications  where  the  diffusion  of  oxygen  through  the  Pt  may  not  be  impor¬ 
tant,  the  barrier  layer  underneath  the  Pt  has  to  be  chosen  carefully,  because  it  can  af¬ 
fect  the  crystallization  of  the  film  to  the  perovskitc  phase. 
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ABSTRACT 

We  report  results  of  pulsed  electrical  testing  of  ferroelectric  Ph()  yLao  )Zr()  sTip 
thin  film  capacitors  with  synimelrical  La-Sr-Co-O  top  and  botuun  electrodes  at  room 
temperature  and  at  100°C.  They  have  been  grown  on  (00!)  Si  w..h  a  Yttria  stabilized 
zirconia  (YSZ)  buffer  layer.  A  layered  perovskite  "template"  layer  {200-300A  thick), 
growin  between  the  YSZ  buffer  layer  and  the  bottom  La-Sr-Co-O  electrode,  is  critical  for 
obtaining  the  required  orientation  of  the  subsequent  layers.  When  compared  to  the 
capacitors  grown  with  Y-Ba-Cu-O  (YBCO)  top  and  bottom  electrodes,  these  .structures 
possess  two  advantages  (I)  the  growth  temperatures  are  U>wer  by  6()-150°C',  (ii)  the 
capacitors  show  a  large  remnant  polarization,  AP,  (  AP  =  switched  polarizatir'n  - 
non-switched  polarization),  25-.30  |iC/cm2,  for  an  applied  voltage  of  only  2V  (applied  field 
of  70kV/cm).  The  fatigue,  retention  and  aging  characteristics  of  these  new  structures  arc 
excellent  at  both  room  temperature  and  at  I(K)°C. 


INTRODUCTION 

Ferroelectric  thin  film  materials  have  had  a  strong  resurgence  in  research  and 
development  recently,  primarily  becau.se  of  their  potent  al  use  as  non-volatile,  random 
access  memories  integrated  with  existing  Si  CMOS  transistor  circuitry  [1-4  ] 
Conventionally  the  ferroelectric  thin  films,  such  as  lead  zirconale  litanate  (P7T).  arc 
deposited  onto  Pt  coated  Si  wafers  with  Pi  top  contact  electrodes  to  form  the  capacitor 
structure.  Thin  film  deposition  techniques  including  sol-gel  spin-on.  sputtering,  chemical 
vapor  deposition,  and  pulsed  laser  deposition  are  being  used  to  deposit  the  thin  films. 
Solutions  to  reliability  issues  such  as  fatigue,  aging,  retention  and  imprinting  are  being 
explored  concurrently  with  i.ssues  related  to  integration  with  CMOS  drive  circuitry  [.‘'•10) 
Recent  studies  have  shown  that  metal  oxide  electrodes  yield  capacitors  with  better 
fatigue  properties  compared  to  conventionally  used  Pt  electrodes  [11-13].  In  the  case  I'f 
YBCO,  the  top  and  bottom  electrodes  are  typically  grown  in  the  temperature  regime  of 
700-800‘’C,  which  is  higher  than  that  conventionally  used  in  Si  process  technology  (about 
550°C).  In  an  effort  to  reduce  the  growth  temperature,  we  have  been  studying  a  variety  tif 
other  metallic  perovskite  compounds  as  potential  candidates  for  the  lop  and  bottom 
electrodes.  Among  such  oxides,  the  cubic  perovskite  La  Sr-Co-O  (LSCO)  has  been 
shown  to  have  desirable  metallic  properties  in  recent  studies  wherein  the  thin  film 
heterostructures  were  grown  on  single  crystalline  oxide  substrates  (SrTi03)  [11,12]. 
Eventhough  LSCO  is  metallic  and  has  good  structural  compatibility  with  the  SrTi03 
substrates  u.sed,  in  order  to  be  useful  in  integrated  ferroelectric  memories,  they  have  to  be 
grown  on  Si  wafers.  We  have  taken  the  approach  of  finding  methods  to  grow  these 
epitaxial  capacitor  structures  on  Si  using  structural  templates  and  chemical  barrier  layers 
to  alleviate  the  problem  of  the  chemical  and  structural  incompatibility.  In  an  earlier  report, 
we  addressed  the  issue  of  growth  of  high  quality  LSCO/PLZT/LSCO  ferroelectric 
capacitor  structures  on  YSZ-buffered-Si.  This  involved  the  use  of  a  novel  ''template” 
approach  to  induce  the  preferred  crystallographic  orientation  and  crystallinity  of  the 
LSCO/PLZT/LSCO  heterostructure.  In  this  article,  we  elaborate  on  the  ferroelectric 
properties  of  discrete  capacitor  structures  fabricated  from  these  heterostructures. 

The  heterostructures  are  grown  by  pulsed  excimer  baser  deposition  on  to  [001]  Si 
which  is  buffered  with  yttria  .stabilized  zirconia  (YSZ)  surface  layer.  The  important 
feature  of  this  approach  is  that  it  can  be  carried  out  at  a  substrate  healer  temperature  of 
640°C,  (substrate  temperature  is  approximately  SO'C  lower)  which  is  substantially  lower 
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Figure  1:  A  typical  family  of  hysi  'resis  loops  obtained  from  the  LSCO  /  PLZT  LSCO 
ferroelectric  capacitors.  Also  shown  is  the  pulsed  polarization  values  under 
saturation  and  remnant  conditions.  The  inset  shows  the  pulse  train  used  to 
measure  these  values. 


•  3V  -  P*  :  Switched  Polarization 


Fatigue  Cycles 


Figure  2:  A  plot  of  switched  and  non-switched  remnant  polarization  as  a  function  of 
fatigue  cycles  at  a  testing  frequency  of  IMHz  and  amplitude  of  ±,^V  at  room 
temperature. 
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than  the  previously  reported  range  of  7()()-X0()°C  for  YBCO  type  top  and  hoiiom 
electrodes  [13].  The  YSZ  layer  is  deposited  at  temperatures  in  the  range  of  750-XO()”C. 
The  details  of  the  deposition  conditions  are  similar  to  that  reported  for  the  capacitors  with 
YBCO  top  and  bottom  electrodes.  Direct  deposition  of  the  LT^O.'PLZT/LSCO  layer  onto 
the  YSZ  buffer  layer  yielded  a  weakly  [11(1]  oriented  film.  Capacitors  fabricated  from  this 
heterostructure  were  only  weakly  ferroelectric.  We  attribute  the  [lid]  preferred 
orientation  to  the  large  difference  in  lattice  parameters  between  YSZ  (S.lbA)  and  LSCO 
(3.82A),  which  is  detrimental  for  a  simple  cube-on-cube  orientation  relationship.  This 
problem  was  overcome  through  the  use  of  a  very  thin  (approximately  20-3()nm)  layer  of 
c-axis  oriented  Bi4Ti30(2,  which  acts  as  a  perovskile  "template"  layer.  This  template 
layer  is  also  grown  at  the  same  growth  temperature.  Another  such  perovskite  "template" 
layer  is  Y-Ba-Cu-O,  which  preferentially  grows  with  the  c-axis  orientation  on 
YSZ-buffered  Si.  _^The  LSCO  top  and  bottom  electrodes  were  lOOOA  thick  while  the  PIJ'.T 
layer  was  2700A  thick.  With  such  a  "template"  layer,  the  LSCO'PLZT'LSCO 
heterostructure  is  also  c-axis  oriented.  X-ray  rocking  curves  about  the  [ddl]  Bragg  peak 
of  the  PLZT  layer  yielded  a  full  width  at  half  maximum  of  d. 7-0.8°.  Rutherford 
backscattering  analyses  confirmed  the  composition  of  the  various  layers  to  be 
commensurate  with  that  of  the  target  and  no  measurable  lead  loss  was  observed  as  long 
as  the  substrate  heater  temperature  was  kept  below  65d°C.  Test  capacitors  were 
fabricated  using  a  shadow  mask  with  areas  in  the  range  of  2xld'^  -  Id""*  cm-.  Pt  Au  dots 
were  evaporated  through  shadow  masks  and  were  subsequently  used  as  masks  for  the 
etching  of  the  top  LSCO  layer,  between  the  dots.  Electrical  measurcmenls  were  made 
using  the  Radiant  Technologies  tester,  RT66A,  in  conjunction  with  a  pulse  generator.  For 
the  bipolar  fatigue  experiments,  internally  generated  S-b.Xpsec  wide  square  pulses  or 
externally  generated  square  pulses  were  u.sed.  At  the  end  of  each  fatigue  period,  the 
polarization  characteristics  of  the  capacitors  were  mea,sured  using  the  pulse  sequence 
shown  in  the  inset  to  Fig.  1.  High  temperature  testing  w.as  carried  out  using  a 
temperature  controlled  hot  stage  attached  to  the  probe  station. 

Fig.l  is  a  typical  family  of  hysteresis  loops  measured  with  increasing  voltage  from 
I-3V.  T.Xe  inset  shows  the  pulse  train  used  to  measure  the  various  relevant  polarization 
values.  We  have  measured  a  relatively  large  switched  polarization  at  room  lemperaiure 
in  the  range  of  25-30  pC/cm^  at  an  applied  voltage  as  low  as  3V.  The  corresponding 
coercive  voltage  is  typically  in  the  range  of  0.6-L0V.  The  fatigue  response  of  the  test 
capacitors  subjected  to  ±3V  pulses  .at  room  temperature  for  a  test  frequency  of  IMHz  is 
shown  in  Fig. 2.  Under  the.se  test  conditions,  we  have  ob.served  no  serious  degradation  tn 
the  remnant  polarization  which  typically  decreases  only  by  about  10%  of  the  value  at  the 
beginning  of  the  test  and  is  completely  recoverable  by  a  2  .second  poling  treatment  at  3V 
Similar  results  have  been  obtained  when  te.sted  at  lower  frequencies  (which  also  ensures 
that  the  absence  of  significant  fatigue  is  not  due  to  incomplete  switching  resulting  from 
the  test  frequency),  as  illustrated  in  Fig.3,  in  which  the  AP  values  for  test  frequencies  of 
IMHz  and  50kHz  at  room  temperature  (RT)  and  IMHz  at  100°C  are  plotted.  The 
behaviour  at  higher  temperatures  of  up  to  I00°C  is  similar  with  the  difference  being  that 
the  remnant  polarization  is  typically  smaller  by  about  40-50%  at  100°C  compared  to  that 
at  room  temperature.  The  small  increase  of  AP  in  the  early  stages  of  cycling  is  .attributed 
to  poling  processes  in  the  ferroelectric  that  effectively  remove  pinned  domain  walls  and 
increa.se  the  AP  value. 

Concurrent  with  the  high  temperature  fatigue  studies,  we  are  also  testing  the 
temperature  dependent  aging  behaviour.  Aging  tests  were  carried  out  using  a  R.bpsec 
write  pulse  of  the  desired  amplitude  (in  this  experiment  -3V)  followed  by  a  set  of  read 
pulses  after  the  set  aging  time.  The  read  pul.se  train,  of  amplitude  2.5V,  is  the  same  as 
illustrated  in  the  inset  to  Fig.l  and  yields  the  switched  and  non-.switched  polarization 
values  in  the  positive  and  negative  directions.  As  in  the  c.a.se  of  the  fatigue  experiment, 
the  capacitor  would  be  considered  to  h.ave  failed  if  the  difference  between  the  switched 
and  non-switched  polarization  is  smaller  than  the  detection  criterion  for  the  amplifier 
circuitry,  i.e.,  for  example  IpC/cm^.  Figs.4  and  5  show  .aging  plots  at  room  temperature 
and  at  100°C  respectively.  We  do  not  observe  any  significant  loss  of  switched 
polarization  under  these  aging  conditions,  when  tested  for  the  time  .scale  shown.  We  are 
currently  in  the  process  of  testing  the  aging  behaviour  for  longer  peritads  of  time  in  order  to 
explore  longer  term  effects  and  study  for  dra.stic  changes  in  aging  behaviour. 
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Figure  3:  Comparison  of'  ihe  fatigue  resprmse  (AP  vs,  fatigue  vyvits)  at  testing 
frequencies  of  5()kHz.  IMHz  (both  at  room  temperature)  and  at  UM>"C. 


Figure  4:  A  plot  of  switched  and  non-switchcd  remnant  polarization  as  a  function  ot  aging 
time  at  room  temperature.  There  is  no  significant  lo.ss  in  the  AP  value  after 
aging  for  at  least  10^  seconds.  Long  term  aging  studies  are  underway. 
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LSCO  /  PLZT  /  LSCO  on  Si 
Aging  at  100X  :  =  -3V  ;  =  .2.5V 


Aging  Time,  seconds 


Figure  5:  A  pk't  of  switched  and  non-switched  remnant  polarization  as  a  function  of  aging 
time  at  lOO^C  The  heh.iviour  is  very  similar  to  that  at  room  temperature, 
although  the  AP  value  is  smaller. 


CONCLUSIONS  :  We  have  demonstrated  the  growth  of  highly  oriented  ferroelectric 
PLZT  thin  films  capacitors  with  perovskile  La-Sr-Co-O  top  and  bottom  electrodes  on 
Silicon  substrates.  A  novel  template  approach  has  been  used  to  obtain  the  desired 
crystallographic  orientation  and  tjualily  in  the  LSCO 'PLZT iLSCO  heterostructure  The 
results  of  reliability  testing,  presented  in  brief  in  this  paper,  show  that  such  capacitor 
structure  are  worthy  of  further  detailed  studies  for  integration  with  the  Silicon  based  drive 
electronics. 
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EF-TECTS  OF  PLATINUM  ELl-CTRODE  STRUCTURES  ON  CRYSTALLIM  1  i 
AND  ELECI  RICAL  PROPER!  lES  OF  MOD  PREPARED  PZT  CAPACHORS 


DENNIS  J.  EICFIORST  AND  CYNTHIA  J.  BARON 

Ea.siman  KixJak  Company,  Research  I.aboralories.  RiK'hester,  NY  14650-201 1 
ABSTRACT 

The  most  common  electrode  structure  for  lead  zirconium  titanate  (IV.T)  intejjrated  on  Si  is 
platinum  with  a  Ti  adhesion  layer.  However,  platinum  hillocks  that  can  lead  to  sample  shorting 
may  fonn  during  annealing.  Careful  selection  of  the  FVl'i  electrixie  architecture  and  deposition 
conditions  can  give  nearly  hillock-free  electrodes.  The  phase  development  and  ferroeleciric 
properties  of  PZT  prepared  by  metallo-organic  decomposition  (MOD)  were  studied  as  a  function 
of  Pi  electrode  structure  and  PZT  composition.  In  addition  to  evaporated  or  sputtered  Pt/Ti 
e!ectrode.s.  Pi  electrode  layers  were  also  prepared  by  MOD.  MOD  Pi  layers  showed  no  hillock 
fonnation  but  generally  resulted  in  greater  pyrochlore  content  in  f*ZT  capacitors. 

INTRODUCTTION 

The  typical  architecture  for  thin-film  ferroelectric  memories  is  lead  zirconium  titanate  (PZT) 
deposited  on  Pl/Ti  coated  silicon  substrates.  In  order  to  achieve  a  high  remanent  polarization, 
low  coercive  field,  and  minimal  fatigue,  various  deposition  melhcxls  and  PZT  compositions 
have  been  -'estigaied.'’^  For  bulk  samples,  compositions  near  the  morphoiropic  phase 
boundary  (MPB:  Zn'I'i  =  5.1/47)  give  a  ma.ximum  remanent  polarization.**  However,  in  ihin- 
films,  the  maximum  remanent  polarization  may  be  shifted  from  the  MPB.b  In  addition  to 
optimization  of  the  ferroelectric  processing,  it  has  become  evident  that  the  underlying 
metallization  can  signillcanlly  innuence  the  reliability  of  ferroelectric  capacitors.  Therefore,  the 
intluence  of  various  platinum  electrode  structures  on  crystallinity  and  ferroelectric  propenies 
was  studied  for  several  PZT  compositions.  Solution  deposition  methods  have  met  with  gwxl 
success,  however,  for  this  study  sol-gel  processing  was  considered  overly  susceptible  to 
processing  variations  (i.e.,  solvent  concentration,  extent  of  distillation,  moisture,  elc.).**  *b 
Therefore,  metallo-organic  decomposition  (MOD)  was  u.sed,  which  is  typically  much  less  mois¬ 
ture  sensitive  and  does  not  undergo  significant  polymerization. 

EXPERIMENTAL 

The  types  of  substrates  investigated  included  sputtered,  e-beam  evaporated  and  solution 
deposited  Pt  on  4"  diam  silicon  ( 1(K))  wafers  with  a  thermal  oxide.  Table  I  describes  the  elec¬ 
trode  structures  and  deposition  methods.  Sputter  deposited  Pi  samples  were  obtained  from 
Nova  Electronic  Materials.’  The  MOD  Pi  electrtxles  were  prepared  by  depositing  a  commercial 
Pi  solution  (Engelhard-O.IX)*  at  4()(X)  rpm  and  heating  to  6.5()°C  for  30  min  in  air  using  a 
20°C/min  healing  rate.  Two  layers  were  deposited,  giving  u  Pi  thickness  of  1(K)0  A,  Prior  to 
PZT  deposition,  the  Pi  electrixles  were  evaluated  for  potential  hill(x:k  formation  by  annealing  at 
65()°C  for  1  hr  in  air.  The  annealing  condition  was  selected  to  be  in  a  temperature  range 
typically  used  for  crystallizing  PZT  films.  A  relatively  long  annealing  lime  was  selected  in  order 
to  allow  near  complete  hillix:k  formation. 


’  Nova  Electronic  Materials,  Tucson,  AZ. 

*  Engelhard  Corp.,  East  Newark,  NJ. 

Mat.  Res.  Soc.  Symp.  Proc.  Vol.  310.  '  1993  Materials  Research  Society 
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Table  I 

S;.'S;02/Ti/rt  Deposition  Conditions  for  Pt  Coated  Substrates 


Substrate 

Oxide 

(A) 

Ti  Thickness 

(A) 

Pt  Thickness 

(Ai 

Temperature 

(“O 

Mcihixl 

198 

KKKK) 

2(XX) 

KXX) 

25 

Sputtered 

164 

8(XX) 

5(X) 

KXX) 

2(X) 

Evaporated 

207 

4(XX) 

5(X) 

KXX) 

25 

Evaporated 

202 

8(XX) 

50 

2.50 

25 

Evaporated 

186 

mx) 

KXX) 

650 

.504 

PZT  solutions  were  formulated  for  Zr/l'i  ratios  of  60/40,  54/47,  and  40/70  with  17.59/ 
excess  lead  content.  Metallo-orjtanic  precursors  used  were  PblOOCCyH  1 7 C . 
Zr(0'’Pr)2(00CC7Hi5)2,  and  Ti(0"Pr)2(00CC7l  115)2  PhlOOCCyll  17)2  was  synthesized  by 
reacting  PbO  with  neodecanoic  acid.  The  zirconium  and  titanium  MOD  precursors  were 
preptu'ed  by  reacting  the  respective  n-propoxides  with  2-eihylhexanoic  acid.  The  constituent 
precursors  were  dissolved  in  2-ethylhexanoic  acid  and  2  wi9/,  ahietic  acid  was  added  10 
promote  film  fonnation.  Solutions  were  deixisited  on  1"  x  1"  suhsiraies  by  spin-casting  at  4(X)() 
rpm  for  20  s.  The  films  were  decomposed  at  4(X)^C  in  a  preheated  furnace  for  5  min. 
Crystallization  was  accomplished  by  inserting  samples  on  a  platinum  boat  into  a  7(X)^C 
preheated  furnace  for  5  min.  The  heat-treatment  schedule  was  derived  from  optimization  of 
perovskite  content  for  films  deposited  on  the  sputter  deposited  Pt  electrodes.  The  required 
crystallization  temperature  for  optimum  perovskite  formation  was  slightly  higher  than  the 
annealing  temperature  u.sed  for  evaluation  of  Pt  hillocks.  A  single  deposition  generally  gave  a 
2000  A  crack-free  film.  Sample  designations  are  given  as  substrate  #  followed  by  PZT 
composition  (e.g.,  207-60/40  corresponds  to  PZT  60/40  on  the  substrate  having  5(K)  A  Ti  and 
1000  A  Pt  deposited  by  evaporation  without  substrate  heating). 

Gold  top  electrodes  ranging  in  size  from  2  x  lO’'^  to  1  x  10-2  cm2  sputtered  through 
masks  defined  by  standard  photolithographic  lift-off  techniques.  Hysteresis  data  were  acquired 
with  (i)  Radiant  Technologies  RT66A‘  using  a  20  Vpp,  6  Hz  test  signal,  and  (ii)  an  automated 
ferroelectric  testing  system  (Eastman  Kodak  Company)  with  20  Vpp,  10  Hz  triangular  wave¬ 
form.  Fatigue  data  were  collected  with  the  Ktxlak  system  using  a  10  Vpp,  1.25  MHz  signal.'' 

RESULTS 

HilUxtk  formation  was  evaluated  for  the  different  electrode  structures  since  this  may  be  a 
contributing  factor  to  ferroelectric  degradations.  Figure  1  compares  the  microstructures  of 
platinum  substrates  annealed  at  650°C  for  1  h  in  air.  The  micrographs  indicate  similar  hillix'k 
formation  for  the  sputtered  (substrate  #198)  and  evaporated  #207  (500  A  Ti/l(X)0  A  Pt) 
electrodes.  The  MOD  Pt  (#186)  and  substrate  #202  (50  A  Ti/25()  A  Pt),  on  the  other  hand, 
were  essentially  hilUxtk-free.  Substrate  #164  (2(M)°C  deposition)  had  large  hillocks  and 
considerable  residual  strain  measured  by  X-ray  diffraction  (XRD)  techniques.  PZT  films 
deposited  on  this  sub.strate  cracked,  frequently  with  spalling  of  the  Pt  layer.  Therefore,  this 
substrate  was  not  considered  for  further  studies.  However,  Pt  deposited  under  similar 
conditions  as  for  #163  on  1"  x  I"  samples  were  hilkx;k-free,'2  This  may  indicate  a  size  effect 
not  previously  considered  or  difficulty  in  maintaining  thermal  equilibration  in  the  current 
deposition  system.  Rapid  thermal  annealing  at  650°C  for  5  min  (typical  for  RTA  of  PZT) 


Radiant  Technologies,  Albuquerque,  NM. 
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(a)  Substrate  198:  Sptittcreci 


(c)  Substrtite  202:  Thiit/Evtiponitcil 

Figure  1.  SF.M  photomicrographs 


(b)  Substrate  207:  Evaporated 


(d)  Substrate  1 86:  MOD  Pt 
r  annealed  Pt  coated  Si  substrates. 


produced  fewer  hillocks  than  conventional  furnace  annealing  (65()°C  for  .M)  inin).'^  This 
difference  may  be  due  to  decreased  time  at  elevated  temperatures,  however,  it  indicates  that 
altering  the  ferroelectric  processing  conditions  may  affect  the  electrode  structures.  XRD 
indicated  all  of  the  vapor  deposited  elecmxles  were  preferentially  (111)  oriented,  whereas  the 
MOD  Pt  was  random  in  nature. 

XRD  for  the  PZT  films  indictited  only  a  broad  pyriKhlore  peak  with  no  perovskite  phase  for 
samples  deposited  on  MOD  Pt.  Conversely,  pure  perovskite  was  (apparently)  obtained  for  PZT 
on  the  evaporated  and  sputtered  substrates,  Perovskite  orientation  was  evaluated  based  on 
relative  peak  intensities,  l(hkl)/|I(l(K))+l(  1  l())+l(l  1 1  )|.  Samples  on  substrate  #202  (thin  Ti/Pt) 
were  preferentially  ( IfX))  oriented  with  little  dependence  on  composition.  Samples  on  substrate 
#198  (sputtered  Pt)  were  fairly  random  in  orientation,  the  perovskite  (111)  peak  was  greatest 
(-40%)  for  PZT  Samples  on  substrate  #207  had  the  greatest  degree  of  ( 1 1 1)  orientation 

(-40%),  which  decreased  with  increasing  Ti  content. 

Figure  2  shows  the  microstruciures  for  PZT  5V47  samples  fired  at  650°C  on  the  different  Pi 
substrates.  The  sample  deposited  on  MOD  P:  was  highly  cracked,  however,  SEM  detected  no 
grain  structure  (i.e..  Figure  2d  is  nearly  featureless).  The  sample  on  sputtered  Pt  (substrate 
#198)  showed  a  dense  microstructure  with  fairly  uniform  grain  size.  The  samples  on  the 
evaporated  Pt  electrodes  (substrates  #202  and  #207)  showed  the  well-known  “rosette” 
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(c)  Sample  202-53/47:  Thin/Evapora'.ed  (d)  Sample  186-53/47:  MOD  Pi 

Figure  2.  Microstructures  of  PZT  53/47  films  with  17.5%  excess  Pb. 

(perovskite)  structure  surrounded  by  a  fine-grained  pyrochlore  (or  amorphous)  matrix, 
However,  no  pyrochlore  w:is  detected  by  XRD.  Interestingly,  the  samples  with  the  least  hillock 
formation  appeared  to  have  the  greatest  pyrtKhlore  or  amorphous  character. 

Table  II  lists  the  remanent  polarization,  coercive  field,  and  fatigue  behavior  for  the  PZT 
films.  Representative  hysteresis  loops  and  fatigue  plots  for  PZT  53/47  and  30/70  on  the 
sputtered  Pt  electrodes  are  shown  in  Figures  3  and  4.  PZT  films  on  vapor  deposited  Ti/Pi 
electrodes  had  remanent  polarizations  consistent  with  reponed  values.  The  low  Pr  values  on 
MOD  Pt  are  described  below.  Pr  values  depended  on  substrate  type  in  a  fashion  consistent  with 
the  apparent  pyrochlore  content  estimated  from  SEM.  PZT  on  the  sputtered  electrode  (#198) 
consistently  had  the  highest  polarization  and  most  uniform  microstruclure.  On  the  other  hand, 
the  coercive  field  showed  very  little  dependence  on  substrate  (Ti/Pi)  type.  Both  Pr  and  Eq 
increased  with  Ti  content  as  reported  for  similar  samples.^-b  Fatigue  behavior  appeared  rather 
similar  for  PZT  on  the  various  substrates.  Pr  decreased  to  50%  of  the  initial  value  between  5  x 
10^  and  5  x  10*  cycles  for  most  samples.  An  increase  in  the  number  of  cycles  prior  to 
degradation  may  occur  for  greater  zirconium  contents.  PZT  60/40  and  53/47  had  an 
approximately  constant  Pr  until  a  “roll-off  at  -10^  cycles.  PZT  30/70,  on  the  other  hand,  had  a 
continual  decrea.se  in  Pr  during  cycling  until  the  roll-off  stage.  Fatigue  was  accompanied  by  a 
decrease  in  resistivity  from  approximately  6  x  10' •  Q-cm  to  8  x  lO'*  i2-cm  (resistivities  are 


Table  II 

I'crroelectric  Properties  of  PZT  f'lliiis 


s 

ample 

RT66A 

Kixiak 

-t-  Pr  (pC/c 

m”)  (kV/cni) 

-r  Pr  (pC/cm2) 

(kV/cm) 

50‘7r  2Pr 

198 

^  60/40 

26.9 

65 

24.8 

90 

4  X  lOl^ 

54/47 

24.0 

67 

2.4.1 

80 

4  X  10” 

40/70 

45.2 

1 16 

41.4 

1.40 

5  X  ur 

207 

-  60/40 

22.0 

69 

20.6 

80 

5  X  10” 

54/47 

22.9 

78 

19.9 

90 

1  X  10” 

40/70 

27.4 

1 17 

24  2 

1.40 

5  X  10” 

202 

-  60/40 

15.6 

65 

14.4 

1(K) 

1  X  109 

54/47 

20.2 

80 

19.7 

1 10 

5  X  10” 

40/70 

41.4 

112 

41.4 

140 

5  X  10” 

186 

-  60/40 

0.1 

24 

- 

- 

- 

54/47 

0 

48 

- 

~ 

40/70 

22.9 

1.48 

17.6 

169 

4  X  104 

averaged  for  all  substrates  except  MOD  Pt)  for  PZT  Wl/dO.  PZT  5.V47  samples  also  showed  a 
slight  decrease  in  resistivity  (from  approximately  4  \  l()l  >  to  2  x  10’ '  fi-cm  )  PZT  40/70,  on 
the  other  hand,  had  an  initial  resistivity  of  6  x  10’  ’  ft-cm  w'hich  did  not  decrease  after  fatigue 
cycling  (1  x  10‘^  cycles),  PZT  samples  deposited  on  MOD  Pt  generally  had  lower  resistivities 
(approximately  10”  Q-cm)  than  corresponding  samples  on  Ti/Pt  substrates. 

Additional  PZT  samples  deposited  on  MOD  Pt  were  evaluated  for  ferroelectric  behavior. 
PZT  60/40  (rhombohedral  side  of  morphotropic  phase  boundary),  PZT  54/47  (MPB)  and  PZT 
47/54  showed  no  hysteresis.  Funhermore  these  films  were  highly  cracked  and  XRD  indicated 
only  a  broad  pyrtK'hlore  peak,  ffowever,  the  Ti-rich  compositions  PZT  40/60.  40/70  and  20/80 
exhibited  hysteresis  loops.  Rutherford  backscattering  spectrometry  (RB.S)  was  carried  out  on 
samples  of  PZT  60/40  (non-ferroelectric)  and  PZT  40/60  (ferroelectric)  in  order  to  investigate 
the  loss  of  ferroelectric  behavior.  PZT  40/60  was  investigated  since  this  composition  had  the 
minimum  titanium  content  required  for  hysteresis.  RBS  scans  (Figure  5)  indicated  diffusion  of 
Pb  through  the  MOD  Pt  layer  for  PZT  60/40.  The  Pb  peak  at  -1.4  MeV  for  the  PZT  60/40  film 


(a)  Sample  198-5.4/47  (b)  Sample  198-40/70 

Figure  4.  Hysteresis  loops  for  (a)  PZT  54/47  and  (b)  PZT  40/70  on 
sptitter  deposited  Pt  electrixles  before  and  after  fatigue. 
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(a)  Sample  198-53/47  (b)  Sample  198-30/70 

Figure  4.  Fatigue  data  lor  (a)  PZT  53/47  and  (b)  PZT  30/70 
on  sputter  deposited  Pt  electrodes. 

corresponds  to  a  lead  silicate  layer.  Furthermore,  the  peak  at  1.8  MeV  (Pb  in  PZT)  is  appro.\i- 
mately  1/2  that  observed  in  PZT  40/60.  Therefore,  Pb  loss  into  the  substrate  accounts  for  loss 
of  the  ferroelectric  properties  of  Zr-rich  PZT  deposited  on  MOD  Pt.  Sequential  simplex 
optimization  of  PZT  processing  on  MOD  Pt  indicated  a  decrease  in  :he  Pb  excess  (0-5‘T)  and 
use  of  a  slow  beating  rate  (<  lO’C/min)  in  order  to  minimize  Pb  diffusion  and  obtain 
ferroelectric  behavior.'^  These  results  are  in  contrast  to  PZT  deposited  on  Ti/Pt  electrodes 
where  a  lead  excess  and  rapid  thermal  annealing  appear  to  give  improved  crystallinity  and 
ferroelectric  propertie,s.  Using  the  optimized  method  for  muhipk  layer  films  (4  layers  required 
for  a  2000  A  film)  the  perovskite  phase  was  developed  and  a  remanent  polarization  of 
approximately  5  pC/cm^  obtained  for  PZT  5.3/47  on  MOD  Pt.  However,  this  improvement  tn 
ferroelectric  quality  is  not  sufficient  for  memory  applications.  Use  of  a  barrier  layer  (e.g.,  Ti) 
could  greatly  improve  the  ferroelectric  properties  while  retaining  the  unifonn  surface  of  the 
MOD  Pt  electrodes.  An  alternative  approach  that  appears  promising  is  the  incorporation  of  a 
lanthanum  strontium  cobalt  oxide  (LSCO)  barrier  layer. 'h  Use  of  the  Pt/l,SCO  electrode  has 
allowed  remanent  polarizations  of  apptoximately  25  pC/cm^  to  be  achieved  for  PZT  53/47  on 
MOD  Pt. 

SUMMARY 

Sputtered  (2(K)()  A  Ti/HXK)  A  Pt)  and  e-beant  evaporated  (.5(X'  A  Ti/l(XX)  A  Pt)  electrodes 
had  similar  hillock  formation.  The  substrate  having  thin  metallization  (50  A  Ti/250  A  Pt)  and 
the  MOD  Pt  layer  were  ssemially  hilltK'k-free  after  annealing.  The  electrodes  that  underwent 
hillock  formation  appears  .  if  nucleate  the  perovskite  phase  since  these  samples  had  a  more 
uniform  microslructure  without  the  rosette  structure.  A  decrease  in  remanent  polarization 
occurred  with  increasing  pyrtKhlore  phase.  Generally,  remanent  polarization  increased  with  Ti 
content.  Though  MOD  Pt  was  the  most  •  niform  electrode,  suitable  ferroelectric  cap,rcitors 
were  difficult  to  prepare.  Lead  diffusion  tliiough  the  MOD  Pt  layer  for  samples  with  <60%  Ti 
gave  non-ferroelectric  films.  Improved  properties  could  be  obtained  for  lower  Pb  contents  and 
heating  rates  <10°C.  Little  dependence  on  stibstrate  type  was  found  for  fatigue  behavior  for  the 
Ti/Pt  samples.  Generally,  the  onset  of  degradation  in  fatigue  occurred  at  a  greater  number  ol 
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Figure  5.  RBS  scans  of  (a)  PZT  (>()/4()  and  (b)  40/60  on  MOD  Pi  subslraies, 

cycles  for  Zr  rich  compositions.  The  Ti  rich  compositions  typically  had  a  continual  decrease  in 
Pf  whereas  the  other  samples  had  the  typical  fatigue  profile  of  a  nearly  constant  Pp  until  roll-off. 
which  occurred  at  approximately  10*^  cycles.  Based  on  the  different  PZT  microstructures 
obtained  for  identical  proce.v.sing  on  different  substrates,  it  is  apparent  that  prtxressing  should 
be  optimized  for  each  substrate  architecture. 
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ELECTRON  MICROSCOPY  STUDY  OF  THE  INFLLENCK  OF  THE 
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ABSTRACT 

PZT  ferroelectric  capacitors  are  commonly  fabricated  using  Pt  electrodes. 
Crystallization  in  an  oxygen  ambient  of  sol-gel  deposited  PZT  films  is  influenced  by  the  nature 
of  the  adhesion  layer  used  for  the  Pt  electrode.  Here  we  report  results  of  the  TEM  investigation 
of  the  microstructures  of  PZT  crystallized  on  Pt/Ti  and  Pt/TiOa  substrates.  PZT  films  on  either 
substrate  show  a  two-phase  microstructure  consisting  of  larger  perovskite  grains  and  fine¬ 
grained  (<3nm)  pyrochlore  matrix.  The  perovskite  grains  are  dense,  free  of  any  porosity  and 
URTEM  shows  the  observed  domains  to  be  90“  <101>  twins.  EDS  spectra  detect  a  lower 
Pb/Ti  ratio  for  the  pyrochlore  matrix  compared  to  the  perovskite  grains.  Differences  between 
the  two  substrates  consist  of  the  perovskite  to  pyrochiore  ratio  and  more  imponantly  the 
perovskite  grain  size. 


INTRODUCTION 

Ferroelectric  films  are  currently  of  interest  to  the  semiconductor  industry  because  of 
their  potential  applicability  as  dielectric  films  in  high-density  memory  products.  These  materials 
have  high  dielectric  constants  and  high  charge-storage  capacities.  Much  of  the  research  at 
present  focu.ses  on  issues  related  to  the  processing  of  thin  films  of  such  materials  and  on 
integrating  these  processes  with  existing  silicon  technology.  PZT,  or  Lead  Zirconium  Titanate 
(Pb  (Zr,Ti)  O3),  appears  to  be  a  promising  candidate  in  terms  of  process  integrability.  While 
the  electrical  properties  of  these  films  have  been  relatively  well-studied,  the  material  properties 
of  PZT  films  have  not  been  well  characterized  and  correlated  with  its  microstructure.  Electron 
microscopy,  in  both  scanning  and  transmission  modes  has  been  used  in  previous  literature  to 
study  the  microstructure  of  PZT  films. In  this  study,  we  have  used  transmission  electron 
microscopy  to  examine  the  microstructure  of  PZT  films  crystallized  using  sol-gel  techniques. 
In  panicular,  the  effect  of  substrate  procettsing  on  the  resultant  structure  of  PZT  films  has  been 
investigated. 
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KXPKRIMENTAL 

PZT  films  of  the  0/5()/5()  type  (i.e.  GCJ^La/  .‘SlK^Zr/  5()'!^Ti)  were  deposited  on  silieon 
substrates  after  insulator  and  electrode  deposition  as  shown  schematically  in  Figure  1 .  Silictin 
dioxide  serves  as  the  insulator,  titanium  is  used  to  overcome  the  prciblem  of  platinum  adhesion 
to  silicon  dioxide  and  platinum  is  used  as  the  bottom  electrode.  The  titanium  and  platinum  were 
sputter-deposited,  and  for  the  Pi/ri02  case,  the  titanium  layer  was  annealed  in  oxygen  at  650*C 
for  30  minutes  prior  to  platinum  deposition.  PZT  was  deposited  using  a  sol-gel  technique  and 
subsequently  annealed  in  an  oxygen  tmibieni  at  650‘C  for  30  minutes.  Apart  from  annealing  the 
titanium  to  fontt  titanium  dioxide,  the  wafers  were  identically  processed.  Samples  for 
transmission  electron  microscopy  were  prepared  for  plan-view  examination  by  standard 
techniques  of  mechanical  polishing  followed  by  ion-milling.  The  microscopy  was  perfomied 
on  a  commercial  insinimeni  operated  at  2(K)KV. 


IPLATI.\LMI 


1  TITANIUM 

^  j  •  i  •  r  y  ^ 


SILICON  DIOXIDE 


SI  SUBSTRATE 


Figure  1:  Schematic  of  the  stack  showing  the  silicon,  insulator  (oxide),  titanium  (or  titania) 
layer,  platinum  electrode  and  PZT  layer. 


RESULTS  AND  DISCUSSION 
Microstmeture  of  PZT/P(/TiOi 

Figures  2  a-c  show'  the  microstructure  observed  on  PZT  films  grown  on  platinum  over 
titanium  dioxide  Films.  Figure  2a  shows  a  two-phase  structure,  consisting  of  a  large-grained 
structure  within  a  small-grain  matrix.  Electron  diffraction  patterns  from  the.se  phases  show  the 
large  grains  to  be  perovskite  (tetragonal)  phase  PZT  (Figure  2a).  while  the  smaller  grains  were 
identified  to  be  the  pyrochlore  (cubic)  phase  of  PZT  (Figure  2b).  For  ferroelectric  applications, 
the  perovskite  structure  is  desirable  since  the  cubic  phase  does  not  exhibit  ferroelectric 
properties.  The  perovskite  grain  size  is  estimated  to  be  in  the  range  of  ()..')- 1.0  micron,  while 
the  pyrochlore  grain  size  is  -2-4  nm. 


Figure  3 
20  nml 


Figure  2c 
Pyrochlore 


Figure  2:  a)  Mierosiructure  of  large  perovskite  PZT  grains  and  pyrochlore  matrix  of 
PZT/Pl/Ti02;  b)  Electron  diffraction  pattern  (EDP)  from  large  PZT  pcrovskite-phase  grains  of 
Figure  2a  in  the  [010]  zone  showing  spot-splitting  one  to  twinning  along  <101>;  c)  EDP  of 
small-grain  matrix  of  Figure  2a  which  was  indexed  to  be  the  pyrtx  hiore  phase  of  PZT. 

Figure  3:  Higher  magnification  of  large  grains  showing  inclusions  of  lighter  contrast  at  grain 
boundaries. 


The  large  PZT  grains  have  within  them  a  band  structure,  which  was  confinned  using 
electron  diffraction  and  high-resolution  electron  microscopy  to  be  due  to  90"  <1()1>  twinning.'^ 
It  is  widely  believed  that  these  twin  regions  correspond  to  ferroelectric  domains  although  the 
link  between  the  electrical  properties  and  microstructure  has  not  been  clearly  established. 
Figure  3  is  a  higher  magnification  image  of  the  grain  boundary  between  the  large  grains. 
Inclusions  of  lighter  contrast  arc  observed  all  along  the  grain  boundaries,  but  not  in  the  interior 
of  these  grains. 
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Figure  5a 
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Figure  5b 
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Figure  4:  a)  Miurostructure  of  small  perovskiie  PZT  grains  and  pyriK'hlore  matrix  of  PZT/Pt/Ti; 
b)  EDP  of  small  nerovskite  PZT  grains  of  Figure  4a. 

Figure  5:  a)  Energy  dispersive  spectrum  (EDS)  of  large  grains  of  perovskiie  PZT  for 
PZT/Pi/Ti02  showing  titanium  Ka.  zirconium  Lq  and  lead  Mq  peaks;  b)  EDS  of  pyrochlore 
matrix  of  PZT  for  PZT/Pt/Ti02  Tlxe  .small  silicon  peak  seen  is  an  ion-milling  anefact. 


Microstnicture  of  PZT/Pi/Ti 

Figures  4a  and  b  show  the  microstruclure  and  electron  diffraction  pattern  of  the  PZT 
layer  deposited  on  platinum  over  titanium.  There  is  a  distinct  difference  in  the  observed  Film 
structure.  Although  a  two  phase  structure  is  still  present,  the  Itu-ger-grains  (relatively)  are  much 
smaller  than  in  the  case  of  platinum  over  titanium  dioxide.  Indexing  of  the  diffraction  pattern  of 
Figure  4b  shows  the  larger-grained  pha.se  to  be  perov.skitc  PZT.  while  the  smaller-grained 
matrix  produced  a  diffraction  pattern  identical  to  that  .shown  in  Figure  2c.  which  was  identiFied 
to  be  the  pyrochlore  phase.  The  grain  size  of  the  perovskite  phase  is  estimated  to  be  0. 1-0.2 
micron.  In  contrast  to  the  Ti02  substrate  case,  the  perovskite  grains  do  not  show  the 
characteristic  twinning  or  band  structure.  Inclusions  were  not  observed  at  the  grain  boundaries 
in  this  case. 


Energy  dispersive  speetroseiipy  (EDS)  «.as  perlomied  cm  ihese  samples  l  igiires  Sa 
and  5b  show  the  spectra  obtained  from  the  sample  wiih  the  'liOa  substrate  (spectra  from  the 
PZT/Pt/I'i  sample  were  similar).  Qualitative  differences  between  the  s|x;ctra  ol  l  igures  5a  and  b 
can  be  distinguished  easily  in  terms  of  th-  relative  heights  of  titanium  Kti,  rirconium  l.u  and 
lead  Ma  peaks.  Spectral  data  were  obtained  from  five  different  areas  within  each  sample.  Irom 
the  perovskite  grains  and  the  small-gram  matri.'t  of  each  of  the  substrate  cases  studied  Areas 
chosen  for  EDS  analj  ses  were  thin  enough  that  Pt  or  1i  peaks  from  underlying  layers  were  not 
present.  Zr/I  i  and  Pb/Ti  ••■■tios  from  each  sample  were  averaged  and  are  shown  in  fable  f  It 
should  be  noted  that  the  ratio  numbers  shown  in  Table  I  are  only  integrated  x-ray  counts  and 
cannot  be  correlated  with  concentrations  in  the  material,  in  the  absence  of  calibrating  standards 
[lowever.  since  the  spectra  were  all  accpiired  under  similar  conditions,  relative  compositional 
differences  between  the  perovskite  grains  and  the  pyrovhlore  matrix  may  he  inferred,  l  or  both 
Ti  and  TiOs  substrates,  the  data  show  that  the  perovskite  P'/T  grains  have  a  higher  Ph/I  i  ratio 
relative  to  the  pyrochlore  tnatiix.  However,  the  ZrAI  i  ratio  is  approximately  ihe  same  between 
the  grains  and  the  matrix. 


TABLE  I 


SA.MPLE 

(Zr^fi)GRAIN.S 
(ZrZfi)  MATRIX 

(Pb/"!.  CiRAINS 
(■pb/f.)  .\IA7  RI.X 

PZT/Pt/fiCH 

0.9 1 

1 .69 

PZT/Pt/fi 

1. 04 

2. 1  I 

fable  I  :  Intecrated  s-rav  count  intensity  ratios  for  the  two  substrate  samples  studied.  Numbers 
are  average  of  five  sets  of  spectra.  Quantitation  of  the  spectra  was  performed  by  considerii.g 
the  integrated  counts  under  the  li-Kii.  Zr-Ku  and  Pb-l.ii  peaks.  Prior  to  integration, 
background  counts  were  removed  by  a  thin-film  routine  within  the  commercial  software. 


rUNCLLSIONS 

The  above  results  have  enabled  us  to  suggest  the  following  hypothesis  toward 
understanding  the  observations.  It  appears  that  when  first  deposited,  ihe  PZf  layer  is 
amorphous.  During  the  subseviucnt  heating  cycle,  ii  umlergtK-s  a  phase  translormation.  firstly 
to  the  pyrtx'hlore  phase  and  then  to  the  perovskite  phase.  I  his  is  consisieni  w  iih  other  studies 
on  sol-gel  processed  ferroelectric  films. for  PZ I /PtAI  iOy  w e  have  larger  perovskite  grains 
with  inclusions  along  grain  boundaries,  while  for  PZf/Pt^fi,  smaller  perovskite  grains  without 
inclusions  are  observed.  By  examining  the  micrographs,  the  approximate  volume  per  ent  of  the 
pyrochlore  phase  was  estimated  to  be  -lO-.V)';;  for  the  TiOy  substrate  and  ~5-  l(W  for  the  7i 
substrate.  Thus,  a  smaller  fraction  of  the  pyrrKhlore  phase  is  observed  for  the  small  PZl  gram 
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'I'hc  dislIiiL'tU  diHiTcm  iirain  sinn.  lLirfs  oh\cr\cJ  tviaccii  ihc  1 1  .iiid  I  Mihsir.iic' 
sllJ2J;L■.l^  ihal  the  gnu^l'’  iil  llie  pcnnskiic  phase  ipiln  eiiiici  ihc  laree  erain  m  spiiall  eraai 
morphologies  is  iritlueneed  by  the  underlying  subslraie.  Hut  since  the  layer  unmedialels 
underlying  the  P'/T  film  is  platinum,  it  is  possible  that  the  Ti  or  'I'lOy  substrates  affects  the 
platinum  miciostruclure.  This  in  turn  altects  the  P/T  mis .ostructure  by  lasoring  a  larger 
niiclcaiion  rate  for  lV17Pt/n  substrates.  We  knoss  from  a  previous  study-''  that  even  fo.  the  Ti 
substrate  case,  the  o.xygen  ambient  annealing  of  the  F/ 1  film  causes  complete  com  ersion  of  the 
Ti  into  TiOy  and  PtyTi  by  consuming  part  of  the  platinum  layer.  I  ne  icl.itisc  rales  of  P/  T 
recrysialli^ation  compared  to  Ti  conversion  have  yet  to  be  studied.  Attempts  to  perform  1  TM 
e.saminations  on  the  platinum  layer  were  unsuccessful  Ivcause  in  plan-view,  the  P/T  lilm 
obscures  the  imaging,  while  in  cross-section.  poor  adhesion  of  the  P/T  film  with  the  epovy 
used  caused  samples  to  break  during  thinning,  l-'i  riher  studies  are  in  progress  to  understand  tlie 
nucleation  and  growth  of  the  perovskite  phase  from  the  pynvhlore  phase. 

Another  interesting  aspect  of  this  study  is  the  absence  of  twinned  doiii.iins  in  the 
perovskite  for  the  T:  substrate.  While  previ ms  liteiatu-e^’  indicates  a  link  between  the  twinned 
domains  and  ferroelectric  properties,  we  have  observed  gomi  ferroelectric  piopcnies  even  for 
the  stiniple  on  Ti  substrate  which  does  not  show  the  VD'  twins.  Ihis  may  be  indicative  ili.ii 
other  structures  c.in  ei|ually  well  account  for  ferroelecric  propenies.  It  is  [lossihle  lha'  each  of 
the  small  grains  in  the  small-grain  sample  acts  as  an  independent  domain  and  panicip.ues  in  the 
polarization  under  applied  electric  field. 
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ABSTRACT 

Characteristics  of  textured  Pb(Zro.S4Ti0.46l)).)  (PZT)  thin  flints  on  (001  iSi  with 
YBa2('u307-8  (YBCO)  and  yttria-stabilized  zirconia  (YSZ)  bu'Yer  layers  have  been  studied 
using  X-ray  diffraction  and  high  resolution  electron  microscopy  techniques  Excimer  Krl 
laser  has  been  used  for  deposition  of  PZT,  YBCO  and  YSZ  thin  films  The  YBCO  layer  was 
utilized  to  provide  a  seed  for  PZT  growth,  while  YSZ  layer  acted  as  a  seed  and  a  buffer  layer 
for  the  growth  of  YBCO  on  (OOl)Si  High-resolution  transmission  electron  microscopy 
(HRTEM)  and  X-ray  diffraction  were  used  to  determine  the  texture  and  the  nature  of  detects, 
interfaces  and  grain  f/'niidaries.  Predominant  orientation  relationships  were  found  to  be 
|(X)1  |PZT//|0()1  lYBCO;  |001  lYBCO//l(Kll  lYSZ,  and  |(HI1  |YS7y/((KI  I  |Si 

INTRODLCTION 

Lead-zirconium  iitanates  (PZT)  are  ferroelectric  materials  ol  considerable  current 
interest  because  of  their  potential  for  various  applications  in  electrooptics  as  infrared  sensors 
and  optical  shutters  and  modulators  1 1-41,  memory  devices  |5.6j.  etc.  The  performance  of  ihe 
PZT  devices  depends  critically  on  the  crystal  s'..acture  of  PZT  and  characteristics  of 
ferroelectric  domains  and  domain  boundaries  in  the  ferroelectric  material  |7.X|  PZT 
piezoceramics  have  a  cubic  perovskite  structure  ahtwe  the  Curie  temperature  Depending  on 
the  compositional  r-uo  (Zr:Ti),  with  the  decrease  of  temperature  PZT  transforms  into  lebagonal 
or  rhomboftedral  ferroelectric  phase.s.  which  exi.st  together  in  certain  compostiiona)  range 
around  the  morphotropic  phase  boundary  |g|.  Thi:'.  the  ferroelectnc  domain  stnicture  in  PZT 
is  formed  by  twins  which  accommodate  the  stress  in  material  during  the  paraelectric  to 
ferroelectric  transformation.  Various  techniques  have  been  used  to  produce  PZT  films  1 1(1- 
13).  The  advantage.s  of  pulsed  laser  deposition  include  low  temperature  processing,  novel 
metastable  crystal  structures,  reproduction  of  target  stoichiometry,  and  in-situ  processing  of 
multi  structures  in  a  single  chamber. 

The  successful  fabrication  of  Pb(Zro.54Tio  4f,)03  (PZT)A'Ba2Cu307.8  (YBCO) 
yttria  stabilized  zirconia  (YSZ)/Si  multilayer  structures,  using  laser  physical  vapor  deposition 
method  was  previously  reported  by  us  |I4|.  The  PZT  films  showed  good  ferroelectric 
properties  with  dielectric  constant  of  800-1()00.  The  saturation  and  remanent  polarization  were 
determined  to  be  37.81  and  24.38  pC/cm^,  respectively,  whereas  the  coercive  field  was  12.5 
kV/cm.  Superconducting  YBCO  phase  was  used  as  an  electrode  for  the  PZT  'ilms  for 
electrical  measurements.  Yttna  stabilized  zirconia  is  used  as  a  diffusion  barrier  as  well  as  a 
seed  for  the  growth  of  YBCO  films  on  ((K)l)  Si.  The  present  paper  presents  microstructural 
characterization  of  the  above  system  by  TEM  and  X-ray  diffraction.  The  orientation 
relationships  between  the  PZT  film  and  underneath  layers  on  Si  (001)  are  determined  for 
correlation  with  ferroelectric  properties. 


EXPERIMENTAL 

Films  were  deposited  using  a  single  chamber  LPVD  technique  (1.“)),  de.scnbed 
previously.  The  target  holder  and  processing  chamber  were  modified  to  obtain  in-situ 
processing.  Laser  deposition  from  YSZ,  YBCO  and  PZT  targets  was  carried  out  in  an  oxygen 
ambient.  The  processing  parameters  for  the  deposition  of  the  above  layers  were  optimized  in  a 
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separate  series  of  experiments!  16,17),  Excimer  KrF  laser  (X=248  nm,  t=2()  ns)  at  5  Hz 
repetition  rate  was  used  to  deposit  PZT  at  ,“>30^0  and  0.4-0.6  torr  oxygen;  YBCO  at  65()'^C. 

0.2  torr  oxygen;  and  YSZ  at  775®  C,  9xl0‘^  torr  of  oxygen  ambient. 

X-ray  diffraction  studies  have  been  carried  out  on  RIGACU  X-ray  diffractometer  using 
Cu  Ka  radiation.  Transmission  electron  microscopy  studies  have  been  carried  out  on 
TOPCON  EM-002B,  operated  at  200  kV  (Cs=0.5  mm.  resolution  0. 1 8  nm). 


RESULTS  AND  DISCUSSION 

The  crystallographic  nature  of  the  multilayer  system  of  PZTA'BCO/YSZ/Si  has  been 
studied  by  X-ray  diffraction  and  transmission  electron  microscopy.  Figure  1  represents  X-ray 
diffraction  pattern  of  PZT  film  grown  on  YBCO  and  YSZ  films  on  (001  )Si  by  PLD.  X-ray 
diffraction  data  showed  that  YBCO  and  the  tetragonal  phase  PZT  films  are  c-axis  oriented 
along  (OOl)Si.  There  is  no  evidence  for  the  presence  of  the  peaks  associated  with  the  lead 
deficient  pyrochlore  phase  in  the  X-ray  diffractogram. 


Fig.l  X-ray  diffractogram  of  PZTA'BCO/YSZ/Si  multilayer  structure  showing  the  presence  of 
(001)  planes  from  YBCO  and  PZT  films. 

The  narrow  full  width  at  half  maximum  of  the  diffraction  lines  of  both  PZT  and  YBCO 
films  suggest  growth  of  large  grains  with  low  density  of  defects.  Since  the  charactenstic 
feature  of  the  PZT  phase  diagram  is  the  existence  of  morphotropic  phase  boundary  that 
separates  the  titanium  rich  tetragonal  ferroelectric  phase  from  the  zirconium  rich  rhombohedrai 
ferroelectric  phase  which  exist  together  around  x=0.535  in  Pb(ZrxTii.x)03  solid  solution 
1 1 8],  the  deposition  conditions  were  optimized  in  separate  senes  of  experiments  to  achieve  the 
tetragonal  PZT  ferroelectric  phase  only.  Although  the  coexistence  of  the  two  ferroelectnc 
phases  as  a  result  of  internal  stress  relaxation  process  during  paraelectric  to  ferroelectric 
transition  was  expected  (19],  the  angular  positions  of  PZT  lines  in  Fig.l  correspond  to  the 
titanium  rich  tetragonal  ferroelectric  phase  only. 

The  microstructure  of  this  multilayer  system  -  Figure  2,  has  been  studied  by 
transmis.sion  electron  microscopy  (TEM)  in  .selected  area  electron  diffraction  (SAED)  and  high 
resolution  modes.  Yttria-stabilized  zirconia  layer  of  0.3  pm  thickness  is  grown  on  Si(OOl)  to 
provide  the  buffer  and  the  seed  for  the  growth  of  YBCO  film.  The  YBCO  layer,  0.35  pm 
thick,  provides  a  seed  for  PZT  growth  and  also  serves  as  an  electrode  for  electrical 
measurements. 
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PZT 

YBCO 

YSZ 

SI 

Fig.2  Schematic  of  PZT/YBCOA'SZ/Si 
multilayer. 


SAED  pattem.s  and  indexed  spots  of  YSZ/Si  and  YBCOA'SZ  interfaces,  respectively, 
are  presented  on  Fig  3(a-d).  The  relationships  between  Si(OOl)  substrate  and  0.3  pm  thick 
YSZ  buffer  layer,  showed  cube-on-cube  orientation  relationships  in  local  areas,  with 
[OOllYSIV/fOOIlSi.  but  as  a  whole  the  YSZ  layer  is  textured.  The  interface  between  YBCO  and 
YSZ  buffer  layers  is  smooth  and  unreacted  with  c-planes  predominantly  oriented  parallel  to 
(001)  planes  of  YSZ  and  Si.  Fig.4  (a)  reveals  large  single  crystal  grains  of  YBCO  with  grain 
boundaries.  High  resolution  TEM  image  of  grain  boundary  tetween  two  YBCO  grains  in  the 
YBCO  film  is  shown  in  Figure  4(b)  The  c-planes  in  YBCO  film  are  parallel  lo  the  YSZ/Si 
interface 
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Fig.3  SAED  patterns  along  with  the  indexed  spots  of  YSZ/Si  (a.b).  and  YBCO/YSZ  (c.d) 

interfaces. 
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Fig.4  (a)  Cross-sectional  view  of  YBCO  film  with  large  single  crysul  grains  with  low  angle 
(1)  and  high  angle  (2)  grain  boundaries  pointed  by  arrows;  (b)HRTEM  image  of  interface 

between  two  gni.is. 


Fig. 5  (a)  Cross-.section  TEM  micrograph  of  PZTA^CO  interface,  along  with  the  SAED  (bi 

and  indexed  pattern  (c). 
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Cross-seetion  TEM  micrograph  of  the  interface  between  PZT  and  YBCO  filni>  i> 
shown  in  Fig.5(a).  The  orientation  relationship  of  the  two  layers  is  ( 1()0]YBCO//|  1(K)|PZ1 
The  interface  is  smooth  with  minimum  or  no  interaction  between  PZT  and  YBCO  layers 
The  selected  area  electron  diffraction  pattern  from  the  interface  is  shown  in  Fig.5(b)  From 
the  indexed  pattern  it  is  found  that  ((X)l)  and  (OkO)  planes  of  YBCO  are  aligned  with  the 
((X)l)  and  (OkO)  planes,  respectively,  of  PZT.  The  film  is  also  (OOl)  textured  SAED 
pattern  of  the  tetragonal  PZT  ferroelectric  structure  in  1 100)  and  (Oil)  orientations  along 
with  the  indexed  spots  are  presented  in  Fig-6(a-d).  Note  that  there  is  a  splitting  of  the  spots 

along  1 UO),  charactenstic  of  90®  domain  boundary  in  the  tetragonal  PZT  phase.  The  angle 

of  the  tilt  of  the  laldcc  planes  along  the  domain  boundary  from  here  is  less  than  2®  A  high 
resolution  image  in  (001 1  orientation  reveals  the  lattice  fringes  of  the  tetragonal  PZT  phase 
as  shown  in  Fig.7.  The  region  of  dark  diffuse  contrast  along  the  domain  boundary,  shown 
by  arrow,  is  due  to  deviation  of  lattice  plains  from  Bragg  conditions  because  of  a  strain  field 
existing  around  the  domain  boundaries.  From  that  image  there  is  no  observable  tilt  m  the 
lattice  planes  across  the  domain  boundaries. 
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Fig.6  SAED  pattern  of  the  tetragonal  PZT  ferroelectric  phase  in  (a)  |(X)1  ] ,  and  (b)  (01 1 1 
orientations  along  with  the  indexed  spots  (c)  and  (d)  respectively. 
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Fig.7  High-resolution  image  of  the  tetragonal  PZT  film  in  1010]  orientation. 
CONCLLSIONS 

A  successful  deposition  of  the  tetragonal  ferroelectric  PZT  films  on  YBCO  and  YSZ 
buffer  layers  on  SifOOl)  by  PLD  has  been  performed.  YSZ  films  acted  as  a  buffer  layer  and  a 
seed  for  the  growth  of  YBCO  on  Si(OOl).  The  utilization  of  the  YBCO  superconductor  as  a 
metallic  bottom  electrode  for  the  growth  of  epitaxial  PZT  film  has  been  shown  to  provide  a 
very  good  (001)  texture  relationship  with  PZT.  The  nature  of  the  interfaces  between  the  films 
has  been  studied  by  TEM  and  smooth  interfaces  with  minimal  interfacial  diffusion  have  been 
achieved.  The  predominant  orientation  relationships  between  the  films  and  substrate  were 
found  to  be  PZT(00I  |/A'BCO|0011//YSZ10011//Sil001J.  The  properties  of  the  above 
multilayer  structure  formed  by  PLD  show  promise  for  future  applications  of  these  materials. 
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ABSTRACT 


In  this  paper  the  growth  of  PhZrJ'ii  jOj  on  10  cm  platinized  silicon  wafers  usinn  the  pre 
cursors  tetra-ethyl-lead,  titanium-tetra-isopropoxide,  or  titanium-tetra-tertiarybutnxide  and 
zirconium-tetra-tertiaryhutoxide  will  he  discussed  in  some  detail  The  composition  of  the  films 
as  a  function  of  growth  parameters  will  he  treated  and  the  accompanying  change  in  the  ferro¬ 
electric  properties  will  he  discussed.  For  device  manufacturing,  the  PhZrfTii  films  are 
subjected  to  a  number  of  processing  .steps.  Some  results  for  partially  processed  wafers  will  he 
presented.  Also,  preliminary  results  of  depositions  on  15  cm  wafers  will  be  given. 


INTRODUCTION 

The  integration  of  ferroelectric  active  layers  in  silicon  technology  demands  for  a  deposition 
technique  which  is  compatible  with  1C  processing  and  yields  lead  zirconate-tiianate, 
PbZrKTi|.j03  films  of  sufficient  quality  to  enable  their  application  in,  for  example,  ferroelec¬ 
tric  non-volatile  memories.  Organometallic  chemical  vapor  deposition  (OMCVD)  has  already 
proven  to  be  capable  of  yielding  films  of  a  high  quality  and,  in  combination  with  its  relative 
ease  of  scaling-up,  OMCVD  is  considered  to  be  an  important  deposition  technique  for  coming 
integrated  ferroelectric  devices. 

OMCVD  allows  direct  formation  of  oxidic  thin  films  in  the  proper  crystalline  phase'  and 
even  epitaxial  films  for  lattice  matched  substrates.^^  It  has  the  advantage  over  in  situ  vacuum 
techniques  that  a  high  oxygen  partial  pressure  can  be  applied  during  the  deposition.  OMCVD 
can  be  easily  scaled-up,  both  in  wafer  throughput  as  well  as  in  wafer  diameter.  This  makes  the 
technique  a  promising  candidate  for  deposition  on  an  industrial  scale.  A  characteristic  of 
OMCVD,  which  is  of  importance  in  VLSI  and  ULSI  technology,  is  that  a  very  good  step  cov¬ 
erage  can  be  achieved.  With  many  other  deposition  techniques  it  is  difficult  to  deposit  films 
uniformly  in,  e.g.,  contact  holes  with  large  aspect  ratios. 

A  real  breakthrough  of  the  use  of  ferroelectric  thin  films  in  electronic  devices  has  not 
occurred,  yet.  It  is  expected,  however,  that  with  the  availability  of  new  and  improved  deposi¬ 
tion  techniques  allowing  for  higher  quality  films  deposited  at  lower  temperatures,  this  will 
change.  Recently,  deposition  techniques  for  ferroelectric  thin  films  were  reviewed  by  Roy  et 
al.*' 

Among  the  ferroelectric  materials  the  perovskite-type  oxides  attract  the  main  attention  with 
emphasis  on  the  PbZr,Ti,,,03  system.  In  this  paper  the  OMCVD  of  this  material  is  described 
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in  some  detail.  One  should  remember  that  other  types  of  (ferroelectric)  oxides  can  be  deposit¬ 
ed  using  OMCVD.  In  fact,  the  range  of  materials  that  can  be  deposited  with  this  method  is 
mainly  limited  by  the  availability  of  suitable  precursors  for  the  desired  elements.  The  success¬ 
ful  deposition  of  ferroelectric  PbTi03,  PbZr,Ti|.,03  and  Pbj  3j/;La,(Zr,Tii  ,)03  has  been 
reported.'  Also  the  deposition  of  PbZr,Ti|.,03  on  15  cm  diameter  wafers'"  as  well  as  on 
the  conductive  oxide  RuO,  have  been  described."  In  order  to  obtain  sufficient  control  over  the 
deposition  process,  knowledge  of  the  influence  of  the  deposition  parameters  on  the  film  char¬ 
acteristics  is  essential.  Using  an  OMCVD  system  which  was  specially  designed  for  the  depo¬ 
sition  of  oxides,  deposition  parameters  were  varied  systematically  and  their  influence  on  the 
film  properties  was  studied. 


EXPERIMENTAL 


For  a  standard  OMCVD  process,  no  complicated  hardware  is  necessary.  But.  as  with  many 
other  techniques,  also  OMCVD  systems  can  end-up  as  rather  complicated  pieces  of  equip¬ 
ment.  Complications  arise  due  to  the  fact  that  a  number  of  the  available  precursors  of  essential 
elements  of  oxidic  thin  films  have  a  rather  low  vapor  pressure  at  room  temperature.  This 
implies  that  the  temperature  at  which  these  precursors  must  be  evaporated  as  well  as  the  tem¬ 
perature  of  (parts  oO  the  gas  system  have  to  be  raised.  In  practice,  this  appears  to  be  rather 
difficult  since  heating  not  only  concerns  stainless  steel  tubing  but  also  components  like  valves 
and  in  some  cases  sensitive  electronic  equipment.  Several  so)utions  have  been  used  for  this 
problem. 

In  the  custom-built  system  (Aixtron,  Germany)  that  was  used  for  this  study,  the  gas  lines 
and  components  for  each  particular  precursor  are  heated  to  the  desired  temperature  by  making 
use  of  oil,  which  is  also  used  to  heat  the  bubbler  in  its  thermostate-bath.  This  is  done  by  mak¬ 
ing  use  of  coaxial  tubing;  the  inner  tube  is  used  for  transpon  of  the  carrier  gas  containing  the 
precursor.  Through  the  outer  tube  flows  the  hot  oil  heating  the  inner  tube.  Uniform  heating  of 
transport  lines  in  this  set-up  is  relatively  ea.sily  accomplished  and  it  excludes  the  occurrence  of 
hot-spots  where  the  precursor  might,  prematurely,  decompose.  It  is  harder  to  heat  components 
like  valves.  In  practice  this  is  done  by  mounting  the  components  on  metal  blocks  that  are  heat¬ 
ed  by  the  same  oil  that  flows  through  the  lines.  The  thermal  isolation  of  the  gas-system  is  of 
utmost  importance  to  maintain  the  components  at  the  desired  temperature. 

The  set-up  is  equipped  with  a  single-wafer  horizontal  rectangular  reactor  cell  containing  a 
rotating  silicon  carbide  coated  graphite  susceptor  supporting  up  to  one  150  mm  diameter 
wafer.  This  rectangular  reactor  cell  is  enclosed  in  a  cylindrical  tube  in  order  to  operate  the  sys¬ 
tem  at  reduced  pressure.  The  outer  cylindrical  tube  is  continuously  purged  with  a  flow  of  inen 
gas.  Heating  of  the  su.sceptor  is  by  IR  lamps.  The  reactor  cell  is  designed  for  use  at  pressures 
below  20  mbar  and  this  pressure  is  obtained  using  an  oil  pump  in  combination  with  a  mechan¬ 
ical  booster.  Each  bubbler  is  equipped  with  a  pressure  control-system,  enabling  the  bubbler 
pressure  to  be  regulated  independently  of  the  carrier-gas  flow.  In  Figure  1  a  schematic  of  the 
reactor  cell  and  the  heating  system  of  the  gas  lines  is  presented. 

In  order  to  ensure  clean  wafer  handling  and  to  prevent  contamination  of  the  reactor  cell 
with  e.g.  moisture,  the  reactor  outlet  is  placed  in  a  Nj  flushed  glove-box.  Wafers  are  transport¬ 
ed  in  and  out  of  the  reactor  cell  by  means  of  a  manually  operated  transport  system.  The  sys- 


Figure  I .  Schematic  view  of  the  reactor  cell  and  the  gas  system  The  susceptor  enables  a  rotation  of 
the  wafer  The  heating  of  a  precursor  line  is  done  using  the  oil  that  is  also  used  in  the  thrr- 
mostate  bath  of  the  bubbler. 

lem  is  completely  computer-controlled  enabling  a  reproducible  run  to  run  operation. 

The  substrates  used  were  oxidized  silicon  wafers  provided  with  a  platinum  electrode. 
Wafers  are  loaded  into  the  OMCVD  deposition  chamber  without  any  pre-treatment.  The  sys¬ 
tem  was  pumped  down  to  (for  example)  6  mbar  and  this  pressure  was  maintained  during  the 
run.  A  total  gas  flow  of  .1  standard  litres  per  minute  (SLM)  consisting  of  1.4  SLM  oxygen  and 
1.6  SLM  purified  inen  gas  was  used.  In  approximately  10  minutes  the  susceptor  was  ramped 
up  to  the  desired  temperature  and  the  system  was  allowed  to  stabilize  for  another  5  minutes. 
The  carrier  gas  flows  through  the  bubblers  and  the  pressures  of  the  bubblers  were  set  to  the 
desired  value.  Two  minutes  before  the  deposition  was  started  the  bubblers  containing  the  pre¬ 
cursors  were  opened  and  switched  to  a  vent  line.  For  all  elements  commercially  available  pre¬ 
cursors  were  used  (Billiton  Precursors,  99.999%);  tetra-ethyl-lead,  tiianium-tetra-isopropox- 
ide,  or  titanium-tetra-teniarybutoxide  and  zirconium-tetra-teniarybutoxide.  The  precursor  par¬ 
tial  pressures  in  the  reactor  cell  are  controlled  by  manipulating  the  pressure  and  temperatures 
of  the  bubblers  as  well  as  the  carrier  gas  flow  rates.  Bubbler  temperatures  were  in  the  range  of 
40-90°C  and  bubbler  pressures  were  regulated  between  1(X)-3(X)  mbar.  Depositions  were  sian- 
ed  by  switching  the  precursors  from  vent  to  the  reactor  cell.  The  deposition  time  was  typically 
.30  minutes  and  in  this  period  a  film  thickness  of  0.2-0.4  pm  was  obtained.  Switching  the  pre¬ 
cursors  back  to  the  vent  line  ends  the  deposition.  The  healer  is  switched  off  and  the  su.scepior 
cools  down  to  4()0°C  in  about  20  minutes.  The  pressure  is  brought  to  one  atmosphere  and 
when  the  wafer  has  cooled  down  to  room  temperature  it  is  taken  out  of  the  reactor  cell. 

Film  morphology  was  examined  using  Nomarski  optical  microscopy  and  scanning  electron 
microscopy  (SEM).  The  chemical  composition  of  the  films  was  determined  using  x-ray  fluo¬ 
rescence  (XRF).  This  technique,  combined  with  a  dedicated  thin  film  analysis  software  pack¬ 
age,  enabled  the  determination  of  the  metals  ratios  within  2%  accuracy.  Uniformity  both  in 
composition  and  in  thickness  was  estimated  by  XRF  measurements  at  several  positions  over 
the  wafer.  The  crystallinity  of  the  PbZr^Tii.^Oj  films  was  examined  with  x-ray  diffraction 
(XRD)  using  CuKa  radiation. 

To  electrically  characterize  the  wafers  three  ways  of  processing  were  applied.  The  first  is 
simply  by  sputtering  on  lop  gold  contacts  through  a  shadow  mask  with  several  well  defined 
electrode  areas.  In  this  configuration  the  bottom  electrode  is  shared  by  all  the  capacitors  on 
the  wafer.  For  convenience  this  way  of  processing  the  wafers  will  be  denoted  as  Method  A.  In 
Method  B  a  top  blanket  platinum  layer  is  deposited  and  subsequently  structured  into  well 
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defined  electrodes  with  areas  ranging  from  9-50.0(X)  tim-.  Also  the  PbZr.Ti,  ,0,  and  the  plat¬ 
inum  bottom  electrode  are  structured.  This  way  of  processing  allows  a  thorough  electrical 
characterization,  including  fatigue  and  fast  switching  measurements.  The  third  Method  C,  is 
an  extension  of  Method  B  including  an  insulation  and  a  metallization  of  the  individual  capaci¬ 
tors. 

Small  signal  electrical  propenies  of  the  capacitors  are  measured  using  an  impedance  ana¬ 
lyzer  at  100  kHz  and  an  effective  measuring  voltage  of  0.1  V.  The  ferroelectric  properties  are 
measured  using  a  Sawyer-Tower  circuit  at  1  kHz. 

In  this  work  the  chemical  composition  of  the  films  as  well  as  the  uniformity  in  thickness 
and  composition  was  studied  as  a  function  of  the  deposition  parameters.  Then  the  ferroelectric 
properties  were  studied  as  a  function  of  the  composition  of  the  films.  Preliminary  results  of 
the  deposition  over  150  mm  diameter  wafers  will  be  presented. 


RESULTS 


The  PbZr,Ti|.,03  films  deposited  at  7(X)°C  over  a  10  cm  platinized  silicon  wafers  are  shiny 
and  have  a  homogeneous  interference  color  over  the  wafer  indicating  that  the  film  thickness  is 
very  uniform.  Only  very  near  the  edge  of  the  wafer  (±2  mm)  a  change  in  the  interference  color 
is  observed.  A  Nomarski  image  taken  with  a  magnification  of  2(X)  (not  shown  here)  reveals 
that  the  surface  morphology  is  slightly  rough.  This  is  caused  by  strong  crystallization  of  the 
PbZr,Ti|.,03  film  on  the  polycrystalline  platinum  electrode  at  the  deposition  temperature  of 
700°C.  The  SEM  image  with  a  magnification  of  40.()fX)  is  presented  in  Figure  2.  It  shows  the 
crystallites  in  more  detail.  On  this  microscopic  level  the  film  appears  to  have  a  rather  rough 
surface  morphology  with  well  crystallized  Pb7,r,Ti|  .Oj  grains  in  the  order  of  0,2  pm  diame¬ 
ter. 

The  crystallinity  of  the  films  is  confirmed  by  XRD  measurements.  In  Figure  5  the  XRD 
pattern  of  a  PbZr,Ti|.,03  film  with  x=0.6  deposited  at  700°C  is  pre.sented  showing  high  inten¬ 
sities  for  the  ((X)()  reflections.  In  this  pattern  no  reflections  due  to  the  presence  of  other  phases 
are  observed. 


Figure  2.  Scanning  electron  microscopy 
image  of  a  PhZrp  ^Tip  ^O^  film  deposited 
at  ?00°C. 


Zeldegl  - - 

Figure X-ray  diffraction  pattern  of  a  PhZrJ'ij  fi,fidm 
with  x=0.60  deposited  at  700°C.  No  other  phases  are 
detected  and  the  film  shows  a  preferential  (UOl)orienta- 


tion. 
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For  device  fabrication  it  is  necessary  that  the  deposited  film  is  very  uniform  over  the 
wafer,  both  in  composition  and  in  thickness.  Therefore,  the  deposition  process  was  optimized 
with  respect  to  compositional  and  thickness  uniformity.  In  order  to  facilitate  the  treatment  of 
the  composition  of  the  films,  the  following  terms  are  introduced.  In  analogy  w  ith  the  general 
chemical  formula  for  a  perovskite-type  compound,  ABO3,  the  metals  ratio  is  denoted  by  A/B 
and  the  ratio  of  ;h .  corresponding  precursors  in  the  gas  phase  by  (A/Blg.  For  PbZr.Ti,  ,03  this 
ratio  corresponds  to  Pb/{Zr+Ti).  The  ratio  ZrAZr+Ti)  is  denoted  as  x  with  the  cc.responding 
gas-phase  ratio  x^. 

In  Figure  4  the  A/B  and  x  are  plotted  for  films  deposited  at  7(X)“C  at  three  deposition  pres¬ 
sures  as  a  function  of  the  position  on  10  cm  wafers.  (A/Bl^  and  x^  were  kept  constant  at  O.d.S 
and  0.65  respectively.  The  deposition  pressure  has  an  influence  on  both  the  value  and  the 
uniformity  of  A/B  and  x.  An  increase  in  the  deposition  pressure  results  in  a  decrease  in  both 
A/B  and  x.  This  decrease  is  attributed  to  depletion  of  the  precursors  in  the  gas  phase;  their 
average  residence  time  in  the  high  temperature  region  of  the  reactor  cell  increases  w  hen  going 
to  higher  pressure  (at  a  constant  gas  fiux).  This  depletion  can  be  suppressed  most  effectively 
by  reducing  this  residence  time  by  lowering  the  reactor  pressure.  At  a  pressure  of  4  mbar  stoi¬ 
chiometric  films  with  a  good  unifomiity  over  the  10  cm  wafer  can  be  obtained  (±2Vr ). 

Also  included  in  Figure  4  are  preliminary  results  obutined  on  15  cm  wafers.  The  uniformity 
on  the,se  wafers  is  as  good  as  that  on  10  cm  wafers. 


Comnosilinn 


The  control  of  the  composition  is  a  matter  of  concern  in  the  case  of  lead-based  (ferroelec¬ 
tric)  thin  films.  This  is  due  to  the  relatively  high  vapor  pressure  of  lead  and  lead  oxide  result¬ 
ing  in  a  relatively  fast  evaporation  of  these  compounds  from  the  growing  surface.  Many  thin 
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Figure  4.  Composition  of  PhZrJ'ii  films  deposited  at  700°C  using  an  (AlB)g  of  0.45  and  a  of 
0.65  as  a  function  of  the  position  on  W  cm  wafesr  for  three  reactor  pressures  At  a  reactor 
pressure  of  4  mhar  uniform  films  are  ohuiined  both  in.  AIB  (a)  and  in  x(h). 

Preliminary  results  on  15  cm  wafes  are  included  in  (a)  and  (b) 
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Figure  5  The  composition  of  the  film,  given  as  A  B.  as  a  fum  turn  of  the 
composition  of  the  gas  phase,  lA/Btg.  at  three  temperatures. 


films  techniques  yield  PhZr,Tii  ,0j  tun  films  only  if  compensation  for  lead-loss  is  prov  ided. 
In  the  case  of  OMCVD  the  lead-loss  can  be  compensated  for  by  adjusting  the  lead  precursor 
partial  pressu'^e.  The  high  vapor  pressures  of  both  lead  and  lead  oxide  turn  out  to  be  a  benefit 
as  the  composition  of  the  film  is  not  very  sensiti  to  variations  in  boih  the  deposition  temper¬ 
ature  and  the  precursor  partial  pressures  within  a  certain  range.'-' '  In  Figure  5  A/B  is  plotted 
against  (A/B)j  for  PbZr.Ti,  .Oj  films  deposited  at  three  temperatures.  Fissentuilly  the  same 
behavior  as  has  been  observed  before  in  a  small  scale  vertical  reactor  (dashed  curve)  is  seen.” 
At  the  lowest  temperature  the  composition  of  the  solid  is  a  reflection  of  the  gas- phase  compo¬ 
sition.  When  the  temperature  is  increased  the  A/B-ratio  tends  to  become  unity,  i.e.  stoichio¬ 
metric  PbZr.Ti  1,03  forms  independent  of  (A/B)g.  A  difference  with  results  reported  earlier.'-” 
is  that  in  this  OMCVD  system  the  temperatures  at  which  the  stoichiometric  compound  forms 
is  higher:  725'’C  versus  67()°C.  This  may  indicate  that  the  actual  substrate  temperature  in  the 
present  OMCVD  system  is  typically  about  .WC  lower  than  in  ihe  systems  used  in  the  e;u-lier 
work.  Also  the  geometries  of  the  deposition  cells  may  play  a  role  (vertical  versus  the  present 
horizontal  reactor  cell). 

In  the  present  system  the  composition  of  the  films  is  insensitive  for  changes  in  gas  phase 
composition,  within  a  certain  range,  at  a  deposition  temperature  of  725°C  and  for 
(A/B)j>0.45.  The  occurrence  of  this  process  window  is  explained  by  the  two  competitive 
processes  that  take  place  on  the  growing  surface.  The  first  is  the  reaction  of  ad.sorbed  PbO 
with  Ti02  and  Zr02  to  form  PbZr,Ti|.,03.  This  reaction  is  hampered  by  the  second  process 
taking  place  on  the  surface:  the  desorption  of  PbO.  If  it  is  a-sumed  that  the  rate  of  formation 
of  PbZr,  iii.,03  is  much  faster  than  the  desorption  rate  of  PbO,  a  stoichiometric  PbZr,Ti,  ,03 
film  forms  and  the  excess  PbO  desorbs  from  the  surface.  At  deposition  temperatures  beiow 
700“C  the  desorption  rate  of  PbO  obviously  is  too  slow  and,  unless  (A/B)^  is  chosen  accurate¬ 
ly,  off-stoichiometric  films  are  formed. 

In  Figure  6  the  value  for  x  as  measured  with  XRF  is  plotted  against  the  gas  phase  ratio,  x^. 
The  same  non-ideal  behavior  as  reported  before”  is  observed  here.  Such  behavior  can  be 
described  by  the  following  equation  where  K  is  the  so-called  non-ideaiity  factor. 
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Figure  6  Film  composition  x  versus  for 
PhZrJ'ii  /)j  films  depostleii  at  700° C  using  an 
lAlBig  of  0.45.  A  non-ideal  behavior  Ls  observed. 
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Figure  7.  Film  composilion.  AlB  for  films 
deposited  at  700°C  with  an  lA.’Bii^  of  0  4.‘i  as  a 
function  y/'  An  increase  o.  cause.i  a  reduc¬ 
tion  in  A'B 


The  value  for  K  is  calculated  to  be  1.49.  The  cause  of  this  effect  is  probably  the  difference  in 
adsorption  efficiency  between  the  zirconium  and  lilaniuni  precu.sor.  Once  this  curve  is 
known,  one  can  deduce  the  necessary  Xg  foi  a  certain  value  of  x. 

It  turns  out,  however,  that  if  Xg  changes,  also  (A/B)g  has  to  be  adjusted,  "''his  effect  is  illus¬ 
trated  in  Figure  7  where,  using  at  7(X)°C  a  fixed  value  for  (A/B)g  A/B  is  plotted  against  Xg.  It 
appears  that  when  Xg  increases,  A/B  decreases,  i.e.  the  films  deposited  with  a  high  zirconium 
content  are  found  to  be  lead  deficient  when  deposited  at  a  fixed  value  of  0.45  for  (A/B)g.  This 
means  that  the  necessary  value  for  (A/B)g  moves  out  of  the  process  window  as  given  in 
Figure  5.  This  behavior  is  explained  by  the  fact  that  the  rate  of  formation  of  PbZrO,  is  slower 
than  that  of  PbTiOj.  Therefore  the  average  residence  time  of  the  PbO  on  the  surface  is  longer 
in  the  case  of  zirconium  rich  films  and  therefore  also  the  desorption  of  PbO  is  larger  in  this 
case.  This  effect  is  compensated  for  by  supplying  a  larger  amount  of  PbO.  In  order  to  obtain 
stoichiometric  films,  the  (A/B)g  has  to  be  increased  for  higher  values  of  Xg.  So  in  order  to 
deposit  stoichiometric  PbZr^Ti,  jOj  with  a  certain  value  for  x,  one  has  to  determine  what 
value  for  Xg  is  necessary  to  obtain  this,  and  then  to  adjust  (A/B)g. 


FERROELECTRIC  PROPERTIES 


Using  optimized  conditions,  a  set  of  stoichiometric  films  were  deposited  in  which  the  x 
was  varied.  Wafers  were  processed  according  to  the  Methods  A,  B  and  C  in  order  to  determine 
the  influence  of  processing  on  the  ferroelectric  performance  of  the  films. 
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Figure  fi  \alur.s  (if  the  remanent  polarization.  P,.  anil  of  the  eoereive 
Jield-strenitth  of  a  representative  PhZrJii  />!  71 1  film 

proeessed  aeeording  to  Method  P.  plotted  versus  the  position  on 
the  10  em  wafer 


Uniformity 

In  Figure  8  the  values  of  the  remanent  polarization.  P,,  and  of  the  coercive  field-strength. 
Ej.  of  a  representative  PbZr,Tii,,03  (x=().7l)  film  processed  according  to  Method  B  are  plot¬ 
ted  versus  the  position  on  the  10  cm  wafer.  The  value  for  P,  is  around  .tO  pC7cm-  and  is 
about  40  kV/cm.  Within  experimental  error,  the  values  for  both  P,  and  are  constant  over  the 
10  cm  wafer.  This  is  in  line  with  the  ob.served  uniformity  in  composition  and  thickness  of  the 
PbZr,Tii.,Oj  film  implying  that  processing  according  to  Method  B  does  not  cause  a  large 
inhomogeneity. 

For  the  results  presented  next,  the  values  for  the  (feiTo)electric  properties  are  averages  of 
about  40  measurements  taken  over  the  full  diameter  of  a  10  cm  wafer  when  the  wafers  were 
processed  according  to  Method  B.  In  the  case  of  Method  A  the  values  are  averages  over  a  few 
measurements. 


Influence  of  the  composition 

Figure  9  presents  the  dependence  of  P,  and  E.^  on  x.  The  value  for  P,  is  more  or  less 
independent  of  x  but  shows  a  sudden  drop  at  a  composition  near  the  morphotropic  phase 
boundary  (x=0.53).  This  behavior  is  observed  for  Methods  A  and  B.  A  comparable  behavior 
has  been  observed  before.” 

The  value  for  E^  clearly  decreases  with  increasing  x.  This  observation  is  in  line  with  litera¬ 
ture  data,*  ”  and  may  be  due  to  the  increased  number  of  poling  directions  present  on  material 
with  a  composition  on  the  rhombohedral  side  of  the  morphotropic  phase  boundary.”  The 
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Figure  9.  Dependency  of  P,  and  on  the  composition  x  of  PbZrfTii  fij  films. 
The  thickness  of  the  films  was  around  200  nm 


Figure  10.  The  dielectric  constant,  c.  and  lo.ss  factor,  tan  d.  versus  the  composi¬ 
tion  X  ofPhZrfTiifis  thin  films  A^^fO.OOOpjtf.f-IOOkHr 


dielectric  constant,  e,  and  dissipation  factor,  tan  3,  as  a  function  of  the  composition  of  the 
films  are  plotted  in  Figure  10.  The  dielectric  constant  shows  a  maximum  around  a  composi¬ 
tion  near  the  morphotropic  phase  boundary  comparable  to  what  has  been  reported  for  ceramic 
PbZr,Ti|,,03,  although  the  maximum  is  less  pronounced  than  for  the  ceramics.'^ 

The  dissipation  factor  shows  an  increase  with  x  and  is  somewhat  higher  than  reported  for 
ceramic  PbZr,Ti|.,03.  Tentatively,  this  effect  may  be  caused  by  a  decrease  in  average  grain 
size  when  going  to  higher  values  for  x. 


Influence  of  processing 

For  the  fabrication  of  a  device,  the  wafer,  including  the  ferroelectric  thin  film,  has  to  under¬ 
go  a  number  of  processing  steps,  like  the  deposition  and  etching  of  insulation  and  metal  lay¬ 
ers.  Such  a  processing  may  have  a  pronounced  effect  on  the  performance  of  ferroelectric  thin 
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Figure  11  Hysteresis  curves  of  films  that  were  processed  according  to  Methods  A- 
C.  It  appears  that  the  hysteresis  curves  of  the  three  wafers  are  almost 
identical  indicating  that  the  processing  has  a  negligible  influence  on 
these  curves.  Thickness  =  200  nm.  x  =  0.60. 


Figure  12.  Endurance  for  a  capacitor  measured  at  two  switching  voltages. 

Thickness  =  200  nm,  x  =  0.60. 

film.  Here  some  preliminary  results  are  presented  for  PbZr,Ti|.,03  thin  films  that  were 
processed  into  test  devices. 

In  Figure  1 1  the  hysteresis  curves  are  presented  of  films  that  were  processed  according  to 
the  mentioned  Methods  A-C.  It  appears  that  the  hysteresis  curves  of  the  three  wafers  are 
almost  identical  indicating  that  the  processing  has  a  negligible  influence  on  the  ferroelectric 
properties.  Method  A  yields  a  hysteresis  loop  with  a  strong  asymmetry  and  a  higher  value  for 
the  of  the  capacitor.  This  effect  is  attributed  to  a  rather  poor  quality  of  the  sputtered  gold 
top-electrode  contact. 

The  endurance  is  a  point  of  major  importance  for  non-volatile  memory  applications.  It  is 
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determined  by  the  degradation  of  ferroelectric  properties  caused  by  polarization  reversals. 
This  degradation,  or  fatigue,  is  a  property  of  the  complete  capacitor  structure,  i.e.  it  is  deter¬ 
mined  by  the  ferroelectric  thin  film  properties,  the  electrodes  and  test  conditions.  It  was 
demonstrated  that  for  films  deposited  using  OMCVD  the  difference  in  switched  charge 
between  a  switching  and  a  non-switching  pulse  still  was  sufficiently  large  after  10"  switching 
cycles.’  The  present  set  of  films,  all  deposited  at  the  same  conditions  and  processed  in  the 
three  mentioned  ways  (but  not  giving  the  best  endurance),  show  larger  values  for  the  switched 
charge  but  also  a  faster  fatigue.  The  fatigue  was  measured  using  bipolar  pulses  of  100  ns 
width  for  Method  B  and  C.  At  a  switching  amplitude  of  5  V  the  films  show  a  comparable 
degradation,  starting  at  10^  cycles,  indicating  that  processing  does  not  influence  the 
endurance.  In  Figun  ’  the  influence  of  pulse  amplitude  on  the  endurance  for  Method  B  is 
presented.  Clearly,  th-  use  of  a  lower  switching  voltage  leads  to  a  belter  endurance.  This  effect 
has  been  observed  before. 


CONCLUSION 


The  deposition  of  PbZr,Ti|.,03  using  a  dedicated  OMCVD  system  is  described.  Uniform 
films  over  15  cm  wafers  can  be  deposited,  both  in  thickness  and  in  composition,  within  an 
interval  of  optimized  process  conditions.  On  a  microscopic  level  the  films  have  a  rather  rough 
morphology.  It  appears  that  processing  of  the  films  has  a  negligible  effect  on  the  hysteresis 
loops  of  the  films.  The  fatigue  behavior  is  almost  the  same  for  the  three  ways  of  processing. 
Under  optimal  conditions  the  endurance  exceeds  10"  cycles. 
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ABSTRACT 

PbTiOt  thin  films  grow  n  on  (<X)I  fMgOand  ( I  lOfMgO  by  MOCVD  have  been 
characteri/ed  by  x-ray  diffraction  and  transmission  electron  microscopy  The  PbTiOy  lilms 
deposited  on  ((X)l)MgO  under  the  optimum  conditions  always  show  a  bi-iaycr  structure.  The  lop 
layer  of  the  films  near  the  free  stirlace  is  c-a\is  oriented  w  iih  the  orienlalion  lelalioiixhip 
((X)l)|  l(X)|PbTiO  tll((X)l  )1  l(X)|MgO.  The  bottom  layer  of  the  films  near  the  substrate  is  a-axis 
onented  with  ( 1(X))1(X)1  |PbTiOvll((X)l)(  l(X)|MgO.  domains  were  observed,  but  only  in  the  c- 
axis  onented  layers.  The  thickness  ol  the  a-axis  oriented  layers  near  the  substrate  decreases  with 
decreasing  the  ctxiling  rale.  PbTiOy  films  deposited  on  ( 1 10)  MgO,  however,  arc  singic-lavcr, 
epitaxial  films  with  ( IOI)((X)l  |PbTiC>tll(  1 10)|(X)l  |MgO. 

1.  INTRODUCTION 

Recently,  technological  applications  of  ferroelectric  oxides  in  electronic  and  optical 
devices  hav  e  draw  n  attention  to  study  fcrr<x;lectric  thin  films.  Ferrocicciric  oxides  exhibit 
spontaneous  electrical  polari/ation,  which  can  be  switched  from  plus  to  minus  by  applying  an 
external  electnc  field.  Switching  between  these  two  polarization  states  in  Icrroclccinc  thin  films 
can  be  directly  used  for  nonvolatile  memories.  In  addition  to  the  polarization  sw  itching  of 
ferrtxilcctric  oxides,  properties  of  interest  include  high  dielectric  constant,  py  roclcciricily , 
piezvxilcctricily ,  and  electro-optic  effects.  These  unique  properties  of  fenc'clcciric  oxides  give 
them  great  potential  for  future  applications  in  electronic  and  optical  dev  ices  [  1 1. 

MOCVD  is  an  economical  and  high-prtxluclion-rate  prixiess,  and  can  prov  ide  llcxible 
control  of  deposition  rate  and  film  composition  by  adjusting  the  source  temperature  and  earner 
gas  How  rate.  In  the  last  few  years,  ferroelectric  ihin  films  have  been  successfully  prepared  vin 
various  substrates  by  the  MOCVD  technique  12-6)  Epitaxial  thin  films  on  SrTiOt  and  LtiAlOy 
were  also  reported  for  a  number  of  ferrtxrlcclnc  oxides  such  as  PbTiOy  |2|,  Pb(Zr.Ti)0.t  |7|,  and 
BaTiQt  (4, 61.  Hovvev  er,  there  is  a  lack  of  systematic  study  to  correlate  the  pnvessing 
parameters  w  ith  the  microslructure,  which  is  essential  for  a  basic  understanding  ol  ihe  .MOCVD 
grow  th  of  the  ferroclecinc  thin  films.  Kccenlly ,  such  a  study  has  been  earned  out  for  PbTiOt 
films  grown  on  MgO  by  the  present  authors  |8|.  The  most  important  result  of  that  inv  esiigalion 
was  that  the  PbTiO.t  thin  films  on  ((X)l )  MgO  consist  of  two  layers  due  It)  the  substrate  effect  on 
the  pha.se  transformation.  The  one  near  the  free  surface  is  c-axis  oriented  vv  nh  V0°  domain 
structure,  and  the  other  near  the  substrate  interlace  is  a-axis  oriented  vv  iihoul  the  domain 
structure.  Flowcver,  single-layer  epitaxial  films  of  PbTiOj  were  found  on  ((X)l )  SrTiOt  |2|. 
Clearly  ,  the  final  microstruclurc  of  epitaxial  PbTiOy  films  will  strongly  depend  on  their 
substrates  as  w  ell  as  other  prtK,-cssing  parameters.  The  purpose  of  this  paper  is  to  report  the 
results  of  an  extended  study  of  the  PbTiOy  thin  films  grown  on  MgO.  Pnmary  emphasis  is 
Itxrused  on  the  effects  of  the  substrate  orientation  and  crxiling  rale  from  the  grow  ih  tcmpeiature 
to  room  temperature  on  the  bi-laycr  structure. 

2.  EXPERIMENTAL 

Thin  films  of  PbTiOt  were  prepared  in  a  horizontal,  low  -pressure,  cold-wall  reactor  vv  iih 
a  resistive  substrate  heater.  Commercial  extra-pure  lead  p-dikclonate  (Pbdhdlq)  and  titanium 
isopropoxide  (TifOCyFIvla)  from  STREM  Chemicals  were  used  as  the  melal-organic  precursors 
The  mixture  of  the  precursor  v  apor  was  intrvxluced  into  the  reactor  by  high-purily  nitrogen  as  a 
carrier  gas.  High-purity  v)xy  gen  gas  in  a  .separate  gas  line  was  used  as  an  oxidant.  The  flow  rates 
of  the  carrier  gas  and  ev  aporator  temperature  for  each  of  the  precursor  chambers  w  ere  controlled 
indiv  idually  to  adjust  the  film  composition.  Deposition  parameters  were  used  as  follow  s.  reactor 
chamber  pressure,  10  torr;  oxygen  How  rate,  40()  seem; carrier  gas  How  rate  for  Pb,  IIX)  seem; 
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carrier  ga-s  How  ratelorTi,  10-25  seem,  Pb  metalorganic  source  temperature,  I  Ifi  "C- 126  "C;  Ti 
metal-organic  source  temperature,  32  “C.  The  PbTiOr  thin  lilms  vterc  grow  n  on  ((K)l)  MgO  and 
( 1 10)  MgO  at  temperatures  ranging  from  550  °C  to  700  °C, 

The  film  structure  and  crcstalhnity  were  characten/cd  b\  \-ray  dillraclion  technique 
The  microstructure  of  the  thin  films  was  investigated  b\  transmission  electron  microscopy 
(TEM)  using  both  plan-new  and  cross-sectional  specimens.  TEM  plan-i  icw  specimens  were 
prepared  by  mechanical  thinning,  dimpling,  and  argon-ion  milling  at  liquid-nitrogcn  temperature 
irom  the  MgO  side.  TEM  cross-sectional  specimens  were  prepared  using  a  standard  technique  as 
desenbed  in  detail  elscw  here  |S|. 

3.  RESULTS  AND  DISCUSSION 

PbTiOj  ontaiDMEO 

Fast  cooling  -  When  PbTiQi  films  deposited  on  (001)  MgO  at  temperatures  abov  e  5(K)  °C' 
under  optimum  growth  conditions  were  fast  cooled  dow  n  to  rtxim  temperature  by  turning  oi  l  the 
heater,  .\-ray  diffraction  spectra  of  the  PbTiOy  I'llms  show  only  twoonentations,  ((X)l )  and  ( ItX)), 
parallel  to  the  substrate  surface.  A  representative  x-ray  diffraction  spectrum  is  show  n  in 
Fig.  1(a).  X-ray  ifi  scans  of  appropnate  crystallographic  planes  ol  the  films  and  the  substrates 
indicate  that  the  films  are  likely  to  be  single  crystalline  with  two  onented  regions:  1 )  the  c-a\is 
oriented  region  -  (001 )( lOOIPbTiOylKOOl )|  l(X)|MgO;  and  2)  the  a-axis  oncnicd  region  - 

( l(X))[00i  |PbTiOjll(00l)|  l(X))MgO.  The  rtK:king  curves  (i.e.  H  scan)  of  the  ( l(X))  and  (tX)l ) 
planes  were  performed  to  show  the  quality  of  each  layer  in  the  growth  direction,  for  the  a-axis 
and  the  c-axis  oriented  regions,  respectively.  The  results  show  that  the  rix;king  curves  of  the 
(100)  plane  always  con.sist  of  three  peaks  about  2°  apart,  while  the  rocking  curves  of  the  ((K)l ) 
plane  show  a  single  peak.  A  representative  of  the  nxiking  curves  is  show  n  in  Fig.  1(b)  for  the 


6  (deg) 


Fig.  1  (a)  X-ray  0-20  scan  of  a  PbTiO.i  film 
grown  on  ((X)l )  MgO  at  625  °C  and  fast 
ctxilcd  dovv  n  to  nxim  temperature,  (b) 
R(X,king  curve  (  0  scan)  of  the  ( 1(X))  peak 
in  (a)  shows  two  extra  peaks  near  the 
( l(X))  peak  about  2°  apart,  (c)  Rivking 
curve  of  the  ((X)l )  peak  in  (a)  shows  only 
the  (001)  peak. 
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( 100)  plane  and  in  Fig.  1(e)  lor  the  ((X)l)  plane,  respectively.  The  ivui  e\lra  peaks  in  Fig.  Ub) 
could  come  Irom  00°  domains  in  the  c-a.\is  onented  region.  The  00°  domain  Halls  in  PbTiOr 
are  the  { 101 }  or  {011}  Inin  boundaries,  which  were  formed  in  ihe  films  ihrough  the  phase 
iransformalion  dunng  ctxiling.  Because  of  the  slight  difference  between  lattice  constant  a  |0  301 
nm)  and  c  (0.400  nm),  the  a  axis  in  the  00°  domains  of  the  c-axis  oriented  region  will  not  be 
exactly  parallel  to  the  c  axis  in  the  matnx,  but  lilted  slightly  by  an  angle  of  about  2.6°  calculated 
from  the  geometry  of  the  domain  structure.  The  calculated  value  is  in  agreement  with  the  value 
measured  from  Fig.  1(b).  For  the  same  rea.sr>n.  the  00°  domains  in  the  a-axis  oriented  region  of 
the  film  should  be  formed  during  cixiling.  Thcrefivre.  one  should  also  see  the  two  extra  peaks  in 
the  ((X)l)  rocking  curve  of  Fig.  1(c)  as  in  the  ( 100)  rrx'king  curve  of  Fig.  1(b).  However,  we  did 
not  see  any  trace  of  the  extra  peaks  in  the  ((X)l)  rtx;king  curves  Ibr  all  films.  It  is  not  clear  from 
the  x-ray  diffraction  analyses  why  the  90°  domains  were  formed  in  the  c-axis  oriented  region,  but 
not  in  the  a-axis  oriented  region  due  to  a  lack  of  information  about  the  microstructure.  Thus,  the 
x-ray  diffraction  analyses  have  been  supplemented  by  TEM  studies. 

Fig.  2(a)  show  s  a  TEM  micrograph  of  a  cross-sectional  specimen  for  the  film  in  Fig.  I  A 
bi-layer  structure  of  Ihe  PbTiOy  thin  film  is  evident  from  the  micrograph.  Moreov  er,  the  90° 
domains  (or  twins)  arc  clearly  obsen  ed  in  the  top  layer  near  the  free  surlace,  vv  hile  the  domains 
are  not  observ  ed  in  the  bottom  layer  near  the  substrate.  A  scicctcd-arca  diffraciion  pattern 
(SADP)  in  Fig.  2(b)  taken  from  a  small  area  covering  the  bottom  layer  and  the  substrate  show  s 
that  Ihe  bottom  layer  is  the  a-axis  oriented  region.  The  epitaxial  orientation  relationship  between 
the  a-axis  oriented  region  and  Ihe  substrate  is  ( l(X))|(K)i  lPbTiOvll(001  )|  UXljMgO.  A  SADP 
taken  from  an  area  covering  both  layers  and  the  substrate  is  shown  in  Fig  2lc),  indicating  thal 
the  top  layer  is  the  c-axis  oriented  region.  Note  that  the  diffraction  spots  from  the  bottom  layer 
did  not  show  up  due  to  their  weak  intensity.  Therefore,  the  epitaxial  orientation  relationship 
between  the  c-axis  oriented  region  and  the  substrate  is  ((K)l)l  l(X)lPbTiOtll((X)l  )|  l(Xi|MgO.  The 
two  .sets  of  the  90°  domains  observed  in  Fig.  2(a)  arc  the  ( iOl)  and  the  ( 101 )  domains  inclined  by 
about  45°.  The  tilt  angle  of  the  (010)  onentations  in  the  90°  domains  from  ihc  ((X)| )  orientation 
in  the  matrix  was  measured  from  Fig.  2(c)  to  be  about  2.8°,  w  hich  is  in  agreement  vv  ith  the  scale 
of  2°  measured  from  the  rocking  curves  and  2.6°  calculated  from  the  film  lattice  parameters. 

Note  that  a  slightly  large  v  alue  of  the  tilt  angle  measured  from  the  diffraction  pattern  could  be 
due  to  the  stress  relaxation  in  the  thin  TEM  specimen.  It  is  now  clear  that  the  thin  films  consist 
of  a  bi-layer  structure;  the  one  near  the  free  surface  is  c-axis  oriented  w  ith  the  ivv  ms,  and  the 
other  near  the  substrate  is  a-axis  onented  wilhouf  the  tuins.  If  a  rocking  .scan  of  ibe  ( ItX))  plane 
is  performed,  one  will  expect  to  see  three  peaks  of  about  2°  apart,  one  from  the  bottom  lay  er  and 
two  from  the  top  layer.  However,  only  one  peak  will  be  observed  for  a  ((X)l)  rocking  scan  This 
is  consistent  wtth  the  x-ray  diffraction  results  discussed  earlier.  The  formation  of  the  bi-lay  cr 
structure  could  be  due  to  the  competition  between  the  phase  transition  and  the  substrate 
constraints.  The  mechanisms  have  been  discussed  in  some  detail  elsew  here  |8). 


•) 


Fig.  2  (a)  Cross-sectional  TEM  micrograph  of  the  film  in  Fig.  1  shows  a  bi-layer  structure. 

(b)  SADP  taken  from  interface  region  shows  that  the  bottom  layer  is  a-a.xis  oriented. 

(c)  SADP  from  a  large  area  shows  that  Ihc  top  layer  near  the  free  surface  is  c-axis  oriented 
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Slow  cooling  -  When  PbTi03  films  were  slowly  erwied  dovrn  to  r<H)m  lemperaluic  ai  a  L-oolin;; 
rate  of  20  °C/hr  after  deprtsition,  x-ray  diffraction  spectra  of  these  PbTiOt  films  are  similar  to 
those  of  the  (kst-crxiled  films.  The  0-26  scans  show  only  (001)  and  ( 1(K))  orientations;  the  ( 100) 
rix'king  curves  show  three  peaks;  and  the((X)l)  rocking  curses  show  only  one  peak  Howcter. 
the  intensity  of  the  (100)  plane  is  relatively  lower  compared  to  the  iniensiis  m  Fig  1(a), 
indicating  that  the  thickness  of  the  a-a\is  oriented  layer  decreases  w  ith  reducing  the  ccv'ling  rale 

A  cro.ss-.sectional  TEM  micrograph  of  the  s|ow-c<x>lcd  thin  films  is  show  n  in  Fig  3(a) 

The  bi-layer  structure  is  not  visible  in  the  micrograph.  An  electron  diliraclion  pattern  taken  from 

the  interface  area  show  s  that  the  film  was  grown  epitaxially  on  the  substrate  w  ith  the  c  axis  as  ihc  * 

growth  direction.  The  00°  domains  are  clearly  observed  in  the  film,  and  the  domain  boundancs  ; 

appear  to  be  continuous  across  the  film  thickness.  In  addition,  some  strain  contrast  can  be  seen 
near  the  interface,  w  hich  could  be  assixiated  with  a  thin,  a-axis  oriented  layer.  Such  a  thin  laver 

near  the  interface  has  been  observed  using  high  resolution  electron  microscopv  (HREM)  A  j 

HREM  image  of  the  mterfacial  area  is  shown  in  Fig.  .3(b).  After  mcasunng  the  lattice  spacing  ol 
the  thin  layer,  it  was  found  that  this  layer  is  the  a-axis  onented  layer  The  interlace  appears 

rough,  which  could  be  due  to  the  rough  surface  of  the  MgO  substrate  l.argc  lalticc  distortion  is  ! 

likely  associated  with  the  lattice  mismatch  across  the  interlace  since  no  localized  misfit  j 

dislrx'ation  has  been  observed  at  the  interface.  I 

! 

It  is  found  that  the  90°  domain  size  is  similar  in  the  two  types  of  the  thin  films  Most  of 
the  domain  boundary  plane  appears  abrupt,  but  the  segments  near  the  ends  of  the  domains  consist 
of  a  number  of  small  steps.  Fig.  4(a)  shows  a  HREM  image  of  a  Hat  segment  of  a  (Ol  1 )  domain 
boundary  near  the  free  surface.  It  can  be  seen  that  this  segment  of  the  biiundary  is  abrupt  and 
structurally  coherent.  The  boundary  plane  can  be  recognized  by  view  ing  the  image  under  a 
shallow  angle.  The  coherent  lattice  planes  slightly,  but  abruptly,  change  their  directions  as  they 
across  the  boundary.  The  tilt  of  lattice  planes  across  Ihc  domain  boundary  is  found  lo  be  about 
3,2°  along  (0101  <’r  (1*1' U  Jirections  in  Fig.  4(a).  Note  that  the  tilt  angle  across  the  boundary  will 
be  6.4°  if  one  measures  it  along  the  (01 1 1  direction  of  the  matrix.  The  corresponding  diffraclion 
pattern  in  Fig.  4(b)  shows  that  the  lilt  due  to  the  twinning  on  the  (Ol  I )  plane  of  the  tetragonal 
structure  is  about  3.3°,  which  is  consistent  with  the  value  measured  from  the  HREM  image  in 
Fig.  4(a).  This  value  is  close  to  the  calculated  value  (3.3°)  for  PbTiOy  single  crystal,  w  hich 
indicates  that  the  c/a  ratio  of  the  slow-ctxilcd  films  is  close  to  1 .06.  In  other  words,  the  structure 
of  the  slow -ccx'ilcd  films  is  much  closer  to  the  bulk  structure  than  that  of  the  fasi-ctxvied  films. 

This  can  be  understrxxl  if  the  large  lattice  skess  due  to  the  phase  transformation  is  reduced 
during  the  slow  crxiling  prrxess. 


Fig.  3  (a)  Cross-sectional  TEM  image  of  a  film  grown  on  ((X)  I  )MgO  slow  ly  cooled  dow  n  to 
rrxim  temperature,  (b)  HERM  image  shows  that  a  thin  layer  near  the  interface  is  a-axis  onented. 
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Fig.  4  (a)  HREM  image  of  a  flat  segment  of  the  90°  domain  boundaries  near  the  free  surface  in 
the  slow-cooled  films,  (b)  SADP  shows  that  the  till  angle  across  the  boundars  Mcwcd 
along  <100>  is  3.2°,  indicating  that  the  ratio  of  c/a  is  about  1.06. 


PbTiOr  on  ( 1 101  MgO 


When  PbTiOj  films  w  ere  grown  on  ( 1 10)  MgO  under  optimum  grow  ih  conditions,  and 
then  slowly  cixrled  dow  n  to  rtxim  temperature  at  a  cooling  rate  of  20  °C/hr,  it  w  as  interesting  to 
note  that  only  two  diffraction  peaks  in  the  6-20  scans  were  observed  from  the  films  at  26=3 1 .56° 
and  26=32.2°,  as  shown  in  Fig.  5(a).  The  two  peaks  are  (101)  and  (110),  rc.spectively.  It  appears 
that  the  two  orientations  could  also  be  a  result  of  the  bi-layer  structure  of  the  films.  The  6 
rocking  scans  of  the  ( 101)  and  (110)  planes  were  performed  to  see  w  hether  the  formation  of  the 
two  orientations  was  due  to  the  bi-layer  structure.  A  representative  of  the  rixking  curt  cs  is 
shown  in  Fig.  5(b).  It  is  seen  that  the  rocking  curve  of  the  (101)  plane  shows  a  single  peak,  w  hile 
the  rocking  curv  e  of  the  ( 1 10)  plane  consist  of  two  peaks  about  2°  apart.  More  imporuintly,  there 
IS  no  (110)  peak  at  26=32.2°,  indicating  that  only  the  (101)  planes  are  parallel  to  the  substrate 
surface.  The  intensity  of  the  (110)  planes  observed  in  the  6-26  curve  of  Fig.  5(a)  is  contributed 
by  the  intensity  ov  erlapping  of  the  two  (110)  peaks.  The  results  indicate  that  the  films  consist  ol 
a  single,  (101)  epitaxial  layer  with  the  { 101 }  twins  or  domains.  Twinning  will  cause  the  (110) 
planes  in  the  twin  region  to  closely  parallel  to  the  ( 101 )  planes  in  the  matrix.  The  tilt  angle 
calculated  from  the  domain  geometry  is  about  2.8°,  vv  hich  is  in  agreement  vv  iih  the  measured 
value  of  about  2°. 


20  (deg)  0  (deg) 


Fig.  5  (a)  X-ray  6-26  scan  of  a  PbTiOy  film  grown  on  (lOl)MgO  at  625  °C  and  slowly  ctxilcd 

down  to  room  temperature,  (b)  Rocking  cunes  of  the  (101)  and  (1 10)  peaks  in  (a)  show  s 
one  (101)  peak  and  no  ( 1 10)  peak  at  the  center,  but  tvvo(  1 10)  peaks  near  the  center  about 
2°  apart,  indicating  that  the  (110)  plane  is  not  the  growth  plane. 
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Fig.  6  Plan-Mcw  TEiM  micrograph 
ol  a  PbTiQj  (ilm  on  ( 1 10)  MgO 
shows  lhal  the  film  is  single 
crystalline  w  ith  the  {011}  tw  ins. 


Cross-sectional  TEM  studies  have  confirmed  the  x-ray  diffraction  analyses  that  the 
PbTiOy  films  grown  on  (110)  MgO  are  single-layer  epitaxial  films  w  ith  the  { 101 }  domain 
structure.  The  epitaxial  orientation  relationship  between  the  film  and  the  substrate,  obtained 
from  electron  diffraction  patterns,  is  ( 101)(010]PbTiOjll(l  10)|(X)1  |MgO.  Most  of  the  00“ 
domain  boundaries  are  (011)  or  (Ol  1 )  type  inclined  to  the  interface,  w  hilc  the  others  arc  ( 1 0 1 ) 
parallel  to  the  interlace,  or  ( lOl)  perpendicular  to  the  interlace.  The  (01 1 }  00“  domains  can  be 
clearly  seen  in  plan-\  iew'  TEM  micrographs  as  shown,  for  example,  in  Fig  6  The  angle  between 
the  two  sets  of  the  domains  is  about  74°,  w  hich  is  close  to  the  calculated  \  aluc  (72°)  of  the  angle 
between  the  projections  of  the  (011)  and  (Oil)  domain  boundaries  on  the  ( 101 )  plane 

4.  CONCLUSIONS 

The  present  studies  have  shown  that  the  PbTiOt  films  grow  n  on  ((X)l  )MgO  arc  single 
crystalline  with  a  bi-layer  structure  at  r<.x>m  temperature.  The  top  layers  near  the  free  surface  is 
c-axis  oriented  with  the  orientation  relationship  of  (001)1  IOO|PbTiO,tll(0()l)|  l(X)|MgO.  The 
bottom  layer  near  the  substrate  is  a-axis  oriented  with  (l(X))|(X)i|PbTiC>ill(001)|  l(X)|MgO.  The 
90“  domains  were  obsetx  cd  in  the  c-axis  oriented  layers  of  the  PbTiOt  films,  bul  not  in  the  a-a\is 
onented  layers  due  to  the  substrate  e(  feet.  HREM  showed  that  the  domain  boundaries  are  abrupt 
and  structural  coherent.  The  formation  of  the  bi-)aycr  structure  of  the  PbT lO.t  films  appears  to  be 
the  result  of  the  combined  effect  of  the  ccxiling  rate  and  the  lattice  mismatch  across  the  interface 
on  the  phase  transition  of  PbTi03  from  the  cubic  to  the  tetragonal  phase.  The  a-axis  oriented 
layers  decrease  in  thickness  with  decreasing  crxiling  rate. 

PbTiOj  films  deposited  on  (1 10)  MgO  are  single-layer,  epitaxial  thin  films  w  ith 
( 101)(001|PbTiO3ll(l  10)(00l|MgO.  Most  of  the  90“  domain  boundaries  in  the  ( 101)  films  arc 
(01 1)  or  (Oil)  type  inclined  to  the  interface,  while  the  others  arc  ( 101)  parallel  to  the  inlcrlacc, 
or  (101)  perpendicular  to  the  interface, 
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ABSTRACT 

Using  hot-walled  mctallorganic  chemical  vapor  deposition  (MOCVD).  thin  films  of  lead 
zirconalc  titanate  (PZT),  lead  litanaie  (PbTiO,  or  PT)  and  bismuth  titanate  (Bi^Ti,0|,  or  BiT)  were 
successfully  prepared.  For  each  matenal,  titanium  elhoxide  (TifC.HjOlj)  was  used  as  the  precureor  lor 
the  titanium  source,  while  lead  bis-tetramethylheptadionc  (Pblthd)^),  zirconium  tetrakis- 
lelramethylheptadione  (Zr(thd).,)  and  tnphenyl  bismuth  (BilC^H,),)  were  used  as  sources  for  lead, 
zirconium  and  bismuth,  respectively.  Dcn.se,  specular  and  highly  transparent  films  were  obtained  lor  all 
three  materials.  Deposition  conditions  are  given  for  each  of  the  materials  as  well  as  the  properties  of  the 
resulting  films  as  determined  by  XRD,  SEM  and  UV-VIS-NIR  spcclrophoiomeiry.  FeiToelcclnc 
properties  are  also  given  for  the  PZT  and  BiT  films;  for  PZT  (?^Zr  =  41;  ^Ti  =  •>)  annealed  at  6(k)  "C. 
the  spontaneous  polarization,  Pj,  was  2.1  pC/cm^  and  the  coercive  field,  Ej..  was  b.S  kV/cm;  (or  BiT 
annealed  at  .150  "C,  the  spontaneous  polanzaiion.  P^,  was  27  pC/cm-  and  the  cixircive  field.  Ej..  was  240 
kV/cm. 

INTRODUCTION 


Many  titanium-based  ferroelectric  materials,  such  as  lead  litanaie.  lead  zirconate.  and  bismuth 
titanate,  possess  the  perovskile  crystal  structure  in  their  lerriKlectric  slate.  The  presence  of  dual 
polarization  stales  in  these  materials  gives  rise  to  interesting  and  useful  properties  such  as 
ferroelectricity,  pyroelectricity,  pieztxilcciricity  and  optoelectronic  properties.  Interest  in  these  materials 
has  grown  considerably  in  recent  years,  mostly  for  their  application  in  nonvolatile  ferroelectric  random 
access  memories  (FRAM's)  and  high  den.sily  dynamic  RAM’s  (DRAM’s)  1 1 1. 

Many  techniques  are  available  for  the  deposition  of  ferroelectric  thin  films  including 
mctallorganic  decomposition  (MOD),  sol-gel.  sputtering  and  various  evaporation  prixiesses.  MOCVD 
offers  the  distinct  advantages  of  flexible  composition  control  and  excellent  step  coverage  along  with 
amenability  to  large-scale  processing  |1|.  In  this  paper,  the  deposition  ol  lead  titanate  (PbTiO,).  lead 
zirconate  titanate  (Pb(Zr|,,Ti,i)0,)  and  bismuth  titanate  (Bi^TijO,,)  using  hot-wall  MOCVD  arc 
discussed,  including  the  structure  and  properties  of  the  resulting  films. 

EXPERIMENTAL  PROCEDURE 

Three  separate  MOCVD  reactors  were  used  for  each  of  the  three  materials  but  the  es,scnlial 
structure  and  function  of  each  system  arc  identical.  In  each  case,  precursor  vapors  arc  produced  from 
volatile  sources  which  are  contained  in  stainless  steel  bubblers  and  healed  using  customized  mantle 
healers.  For  each  oxide  component  of  the  desired  material,  a  separate  bubbler  and  precursor  source  must 
be  used.  Table  1  lists  the  precursors  used  as  well  as  their  chemical  formulas  and  common  names.  Except 
for  titanium  elhoxide,  which  is  a  nonloxic  liquid  at  room  temperature,  each  of  the  other  precursors  are 
stable,  nonloxic  powders;  all  arc  easy  to  handle.  The  powdered  prccurstns  must  be  replaced  after  each 


*  To  whom  all  correspondence  should  be  addressed 
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deposition  but  a  sutticicni  quantity  (approx.  40  cm')  ot  titanium  ethoxidc  liquid  may  be  stored  under 
vacuum  and  used  lor  more  than  20  depositums  |  i  |. 


TABLE  I:  MQCVD  Precursors  f  d  Chemical  Formulas 


Precursor 

Formula 

Common  Name 

lead  bis-tctramethylhcpiadione 
zirconium  teirakis-ieirameihylhepiadione 
triphenyl  bismuth 

titanium  ethoxide 

Ph<C„H,.,0,), 

TiCC.H^O), 

lead  thd 

z.rconium-thd 

Using  nitrogen  as  a  carrier  gas.  the  heated  vapors  were  delivered  to  ihc  reactor:  the  earner  gas  How  rates 
were  monitored  and  controlled  using  mass  How  controllers  (MFC’s).  In  each  case,  oxygen  was  also 
delivered  using  an  MFC  in  order  to  provide  an  oxidizing  atmosphea*. 

The  actual  reaction  zone  tor  each  reactor  consists  ol  a  stainless  steel  tube  t  umace  heated  along  a 
portion  of  its  length.  All  exposed  tubing  must  be  sufficiently  healed  using  healing  cords  and  tapes  to 
prevent  the  precursors  from  condensing  (~22()  "C).  The  inside  diameter  for  the  PZT  reactor  is  80  mm 
while  for  the  PT  and  BiT  reactors  the  inside  diameters  arc  both  50  mm.  Low  pressure  was  achieved  by 
means  of  mechanical  pumps;  liquid  nitrogen  cold  traps  arc  used  in  each  case  to  condense  bypriHlucis 
and  unrcactcd  precursor  that  would  otherwise  enter  the  pump.  Typical  deposition  conditions  used  lor 
each  of  the  three  materials  is  given  in  Tables  2.  .T  and  4. 


TABLE  2:  Peposifion  Conditions  for  PZT 


Precursors 

QIIQQ9HH 

Zr(ihiJ); 

Ti(OEi)4 

Precursor  Temperature 

210-230  "C 

'>0-ll5'’C 

Carrier  Gas  (seem,  Nj) 

15-30 

5 

Substrale 

sapphire 

Pl/Ti/SjO_,/Si 

RuO,SiO,/Si 

Substrate  Temperature 

5,50  "C 

Dilute  Gas  (seem,  O2) 

500-  10«X) 

Total  Pressure 

6  lorr 

Deposition  Rale  (nm/min) 

3  -  20 

TABLE  5:  Deposition  Conditions  for  PbTiO^ 


Precursors 

Precursor  Tcmpcralure 

Carrier  Gas  (seem,  N2) 

Pb(thd)2 

Ti(OEt)4 

I28"C 

20  30 

83  "C 

5 

Substrate 

sapphire,  alumina 

PtATi/SiO^/Si 

Substrate  Temperature 

5(X)  "C 

Dilute  Gas  (seem,  Oj) 

5.50 

Total  Pressure 

6  torr 

Deposition  Rate  (nm/min) 

3  -  30 
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TABLE  4;  Deposition  conditions  for  Bi^  ri,0,2 


Precursors 

Ti(OEl). 

Precursor  Tempenlure 

lf>,5-17l)‘'C 

75-127  “C 

Girrier  Gas  (seem.  No) 

50- ,50 

U-H 

Substrate 

sapphire.  Si 

Pl;Tl«lOv'Sl 

Substrate  Temperature 

550  "C 

Dilute  Gas  (seem.  O2) 

.5(X)  -  KXX) 

Total  Pressure 

6  torr 

Deposition  Rale  (n:n/min) 

5  20 

The  subslrdles  used  were  of  live  types:  1"  diameter  sapphire  disks  'oriented  within  ol  e-axis), 
polyerystalline  alumina  wafers,  and  multilayer  sul>.slrates  of  Pi,Ti,'SiO,/Si  and  RuO^/SiO,  Si 

Prior  10  the  deposition  process,  the  substrates  were  placed  in  the  reactor  w  hich  was  then  sealed 
and  pumped  down  to  the  ba.se  pre.ssurc,  typically  about  0.025  loir,  using  the  mechanical  pump  The 
furnace  and  bubblers  were  then  heated  up  and  allowed  to  stabilize  at  their  respective  set  points  While 
tlowing  the  dilute  gas  through  the  leaclor  to  prevent  backHow.  the  pacursots  were  opened  up  to  the 
bypass  which  leads  directly  to  the  cold  trap  avoiding  the  reactor:  the  carrier  gas  How  was  also  initialed  at 
this  time. 

Using  the  pump  valve,  the  pre.s.sure  was  adjusted  to  the  desired  deposition  pre.ssure  .Alter 
.several  minutes,  allowing  for  the  system  to  reach  steady  stale  behavior,  the  precursor  sources  were 
opened  to  the  reactor  while  the  bypass  was  simultaneously  closed.  Deposition  was  allowctl  to  conlinuc 
for  approximately  thirty  minutes  in  this  manner. 

RE.SULTS  AND  DISrilSSION 

Specific  results  for  eacli  malerial  are  found  in  each  of  the  billowing  subseciiitns. 


The  lead  tilanale  films  which  were  used  lor  eharaeierization  purposes  were  found  to  be  51)'“! 
PbO  and  .50%  TiOj  by  EDS  within  experimental  accuracy.  Weight  measurements  were  used  to 
determine  growth  rates;  the  deposition  in  the  uniform  temperature  zone  of  the  reactor  was  found  u>  be 
about  1.5  nm/min  resulting  in  a  400  nm  thick  film  after  ,50  minutes;  the  resulting  crystal  slructurc  and 
morphology  was  also  found  to  be  gtxid  at  this  deposition  rate.  There  was  a  nitiicc.ible  substrate  effect  on 
the  deposition  rate  in  that  the  deposition  rale  tended  to  be  several  limes  higher  on  Pi  substrates  compared 
to  adjacent  sapphire  or  RuO,  .samples.  This  may  be  a  result  of  the  ability  of  platinum  to  catalyze  many 
chemical  reactions.  This  effect  was  also  noticed  for  P7.T  anil  has  been  reported  in  the  literature  by 
Swartz,  el  al.  |51 

The  lead  titanate  films  were  generally  deposited  al  500  "C;  al  temperatures  of  525  "C  and  550  "C 
blistering  and  peeling  were  found  to  occur  on  Pi  as  a  result  of  residual  .stress.  This  may  be  a  'esult  of  the 
phase  transformation  occurring  as  the  film  is  cooled  through  the  C  srie  temperature 

XRD  using  Cu-Kii  radiation  was  used  to  monitor  phase  constitution  and  reveal  possible 
crystallographic  orientation;  a  comparison  of  the  typical  XRD  pattern  for  PbTiO,  on  each  substrate  is 
gisen  in  Fig.  I.  Only  the  pcrovskilc  pha.se  was  observed  in  the  as-deposited  slate;  however,  there  wa.s  a 
noticeable  increase  in  the  peak  intensities  after  annealing  the  films  at  WXI  "C.  This  indicates  that  there 
may  be  some  noncrysialline  or  micrixtryslalline  material  present  prior  to  annealing. 

Platinum  substrates  deposited  with  lead  tilanale  showed  the  formation  of  a  Pb-Pl  intermetallic 
compound  al  the  interface  as  inferred  from  XRD.  The  XRD  patterns  also  demonstrate  the  tendency  for 
|(K)1  ]  and  |  HX)|  preferred  orientation  on  Pi  which  has  also  been  reported  elsewhere  |2,5|.  There  was  no 
discernible  orientation  effect  for  the  sapphire  and  alumina  substrates. 
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Degrees  26 

Figufo  1 :  XRD  of  PbTiOj  on  (a)  PVSi,  (b)  2:  SEM  micrographs  of  PbTlOj  on 

Sapphire,  and  (c)  Polycrystalline  alumina  Pt/Si  for  (a)  As-deposited  film  and  (b)  After 

600  oc.  1  hr  anneal 

100.0 


H 

S  50.0 

3 

Figure  3:  UV-VIS-NIR  transmission  spectra  % 
tor  sapphire  (upper  curve)  and  PbTiOj  on 
sapphire  (lower  curve) 

0.0  _  . 

200.0  1100.0  2000  0 

SEM  was  used  lo  show  the  film  thickness  uniformity  and  relatively  smooth  topography  as  may 
be  seen  in  Fig.  2.  This  photograph  was  taken  in  profile  along  the  cracked  edge  of  the  film  on  a  platinum 
substrate.  The  cross-seetion  of  the  film  shows  a  dense,  non-columnar  structure  although  the  surface  is 
slightly  rough. 

irV-VIS-NlR  spectrophotometry  was  used  in  both  the  transmission  and  refieeiance  (specular) 
modes  on  a  325  nm  thiek  lead  titanate  film  as  shown  in  Fig.  3.  The  transmission  properties  of  the  film 
revealed  a  highly  speeular,  nonabsorbing  film  as  evidenced  by  the  fact  that  the  maxima  in  the 
interference  fringes  closely  approach  the  transmitted  intensity  of  the  uncoaled  .sapphire  di.sk  at  higher 
wavelengths. 

Using  the  envelope  method,  the  optical  properties  of  the  film  could  be  determined.  The  optical 
band  gap  was  found  lo  be  3.67  eV  which  compares  to  the  literature  value  of  3.6  eV  for  the  bulk  solid  [4], 
For  a  wavelength  of  632.8  nm  (Hc-Ne  laser),  the  refractive  index  was  found  lo  be  2.474,  compared  to  the 
literature  value  of  2,668  (5|;  the  extinction  coefficient  was  0.0009.  Using  an  effective  medium 
approximation  for  the  refractive  index,  the  packing  density  was  estimated  to  be  about  89%. 
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LEAD  ZIRCONATE  TITANATE 

PZT  films  were  deposited  over  a  range  of  compositions  across  the  solid  solution  range  trom 
PbTiO,  to  PbZrOj  corresponding  to  Pb(Zr^Ti,  ,^>0,  where  x  varies  from  zero  to  one  While  the 
corresponding  PZT  phase,  tcragonal  or  rhombohedral,  was  generally  observed  across  the  unitbrm 
temperature  zone  of  the  reactor,  the  Zr,Ti  ratio  tended  to  increase  slightly  as  a  function  of  position; 
however,  this  effect  could  be  reduced  substantially  by  increasing  the  dilute  gas  flow  rate  to  liXIt)  seem. 
XRD  pallems  were  obtained  on  each  of  the  three  substrates  across  a  range  of  compositions  (Fig.  4). 
Highly  [l(K)|  and  [UOlj  oriented  PZT  films  were  occa.sionally  obtained  on  all  of  the  subsirales  used  as 
had  been  found  for  the  case  of  PbTiO,  on  Pi  but  did  not  seem  to  correlale  to  the  composition  or 
processing  parameters.  A  typical  microsiruciure  for  a  highly  1 100|  onented  PZT  film  on  sapphire  is 
shown  in  Fig.  6  showing  faceted  grains,  with  an  estimated  average  grain  size  of  l)..S  urn. 

UV-VIS-NIR  spectrophotometry  was  used  to  characterize  the  PZT  films  on  sapphire  as  has  been 
described  previously  for  lead  litanalc  (Fig.  .*>).  Using  the  envelope  mclhtxl  the  film  thickness  was 
calculated  to  be  .“ilO  nm;  the  n  and  k  values  were  2.413  and  0.(KKI8.  respectively,  at  X  =  6.3.3  nm  for  the 
film  with  Zr/Ti  =  60/40.  The  high  refractive  index  and  low  extinction  coefficient  illuslraie  the  fact  that 
the  films  were  highly  dense  and  transparent. 

Ferrrxiicciric  properlics  of  Ihe  films  were  dclermined  by  llrsi  depositing  the  lop  cleclrixles.  The 
top  electrixles  consisted  of  an  array  of  circular  disks  of  a  suitable  electrode  material  such  as  platinum, 
palladium  or  ruthenium  oxide;  each  circular  electrode  has  an  areaof  2. 14  x  10  ■*  cm^  Hysteresis  behavior 
was  observed  using  an  RT-66A  ferroelectric  tester;  a  typical  hysteresis  loop  is  shown  in  Fig.  7.  The 
spontaneous  polarization,  Pj,  was  found  to  be  2.3  tiC/em’  while  the  coercive  field,  E^,  was  found  to  be 
70  kV/cm.  AES  depth  profiling  revealed  a  uniform  composition  through  the  ihickness  of  ihis  film. 
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Figure  4:  XRD  of  PZT  on  RuO,  for  several 
PZT  compositions 
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Figure  5:  UV-VIS-NIR  transmission  spectra 
for  PZT  on  sapphire 


Figure  6:  SEM  micrograph  of  highly  [100] 
oriented  PZT  film  on  sapphire  substrate 
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Figure  7:  Ferroelectric  hysteresis  ioop  of 
600  ”0/30  min  annealed  PZT  film  for 
composition  of  (60/40) 
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BISMlfTH  TITAN  ATF 

The  BijTijOjj  (BiT)  (ilms  were  .specular,  crack-tree,  well  adhered  and  of  uniform  thickness  in 
both  the  as-deposited  and  annealed  states  as  shown  in  SEM  micrographs  of  Fig.  10  The  composition  of 
the  films  (BiTTi)  could  be  predictably  controlled  by  altering  the  respective  bubbler  temperatures  The  BiT 
phase  was  observed  even  in  the  as-deposiled  films  but  the  crystallinity  was  observed  to  increase 
considerably  upon  annealing  at  temperatures  from  5(K)  "C  to  6(X)  "C  as  can  be  seen  in  the  XRD  spectra 
of  Fig.  8,  AES  depth  profile  showed  stoichiometric  bismuth  titanaic  through  the  film  thickness 

Based  on  the  UV-VIS-NIR  lransmi.ssion  and  reflectance  spectra  of  the  films  on  sapphire,  the 
envelope  method  was  used  to  determine  the  optical  properties  (Fig.  9).  The  film  thickness  was  found  to 
be  752  nm;  n  and  k  values  were  2.507  and  O.fKB.  respectively,  at  >.  =  nm;  for  sol-gel  BiT  Films,  n 
was  reported  to  be  2  .33  16|.  These  properties  are  indicative  of  relatively  dense  and  transparent  films 

Ferroelectric  properties  were  determined  for  bismuth  titanate  as  described  previously  lor  PZT. 
The  tilm  was  deposited  on  P(  and  annealed  at  550  "C  for  one  hour  to  optimize  the  properties.  The 
hysteresis  loop  is  shown  in  Fig.  11;  spontaneous  polarization.  P^.  and  coercive  field.  E^..  were  26  pc  cm- 
and  240  kV/cm.  respectively,  although  it  appears  that  film  conductivity  may  be  playing  a  role  since  the 
hysteresis  loop  does  not  appear  fully  saturated. 
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Figure  8:  XRD  of  Bi,Ti,0„  on  Si  for  several 
annealing  temperatures 


Figure  9:  UV-VIS-NIR  transmission  spectra 
for  BiT  on  sapphire 
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Figure  10:  SEM  micrographs  of  BfT  on  Si 
for  (a)  As-deposited  film  and  (b)  After 
600  <’C  anneal 
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Figure  11:  Ferroelectric  hysteresis  loop  of 
550  "C/1  hr  annealed  BIT  film 


SUMMARY 


MOCVD  was  successfully  used  lo  deposit  ferroelectric  thin  films  of  lead  litanate.  lead  zirconaie 
(itanalc  (7ZT).  and  bismuth  litanate.  Each  process  was  individually  optimized  to  provide  good  quality 
stoichiometric  films.  XRD  and  EDS  revealed  the  proper  crystalline  phase  and  composition  in  each  case 
and  SEM  showed  the  films  to  be  smooth,  dense,  noncolumnar  and  of  uniform  thickness.  The  optical 
properties  were  determined  for  each  of  the  films  using  UV-VIS-NIR  spectrophotometry  and  revealed 
each  of  the  films  lo  be  both  highly  dense  and  transparent.  Using  an  RT-66A  ferroelectric  tester, 
ferroelectric  properties  are  also  given  for  PZT  and  bismuth  litanate. 
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ABSTRACT 

Thin  film  heterostructures  of  BaTi03/YBa2Cu307.x  (YBCO)  and 
BaTiOa/LaxSri-xCoOa  (LSCO)  have  been  prepared  by  a  novel  single  liquid  source 
plasma-enhanced  metalorganic  chemical  vapor  deposition  (PE-MOCVD) 
process.  Both  YBCO  and  LSCO  are  conductive  oxides  with  perovskite  structure 
and  lattice  parameters  closely  matched  to  BaTiOa.  YBCO  films  were  found  to 
deteriorate  after  the  deposition  of  BaTiOs  under  the  PE-MOCVD  conditions  as 
revealed  by  X-ray  diffraction  and  electrical  characterization.  LSCO  thin  films 
prepared  by  PE-MOCVD  have  a  mirror-like  surface,  exhibit  low  electrical 
resistivity  (p  =  200  pQ-cm  at  room  temperature)  and  are  robust  to  BaTiOs 
deposition.  These  characteristics  make  LSCO  a  promising  electrode  material 
for  ferroelectric  capacitors. 

INTRODUCTION 

The  continuing  drive  toward  increased  circuit  densities  in  DRAMs  has 
spurred  great  interest  in  new  dielectric  materials  that  permit  greater  charge 
density  in  the  storage  capacitor.  Ferroelectrics  (FE)  are  particularly  attractive 
for  DRAM  applications  because  of  their  intrinsically  large  dielectric  constant, 
low  leakage  currents,  and  non-volatile  radiation-hard  memory  capability[l-5]. 

Current  applications  of  FE  in  microelectronics  have  been  limited 
primarily  by  materials  processing  and  compatibility  problems[3-5].  In  addition 
to  using  an  appropriate  growth  technique,  a  suitable  electrode  material  must  be 
utilized[3-6].  Choice  of  the  proper  electrode  materials  is  driven  by  materials 
compatibility  issues  as  well  as  the  electrical  specifications  for  the  memory 
element.  In  a  FE  capacitor  .''mory,  conducting  electrodes  must  make 
intimate  and  ohmic  contact  to  Lvi,h  sides  of  the  FE  thin  film.  The  bottom 
electrode  serves  as  the  substrate  during  growth  and  the  top  electrode  is 
deposited  on  top  of  the  FE.  FE  capacitors  have  been  plagued  by  switching 
faiigue  which  is  normally  associated  with  a  gradual  increase  in  Ec  and  a 
decrease  in  Pr  after  repeated  polarization  reversals[4.5].  To  date,  most 
electrode  materials  have  been  metals,  such  as  Au,  Al,  and  Pt.  Incompatible 
electrode  materials  have  been  reported  as  one  of  the  most  significant  causes  for 
the  failure  of  FE  capacitors[4-8].  Switching  fatigue  has  been  extensively  studied 
and  is  t3q)ically  caused  by  electrode  artifacts,  microcracking  and  mobile  space 
charge  flow[4-7]. 

To  solve  the  compatibility  problem  between  the  electrodes  and  FE 
capacitor,  lattice/structure  matched  conductive  oxides  have  recently  been 
suggested  as  an  alternative  to  metal  electrodes[9-12].  Ramesh  et  al.  at  Bellcore 
recently  reported  the  use  of  high  temperature  oxide  superconductor  (YBCO)  as 
an  electrode  material  for  FE  capacitors[9,10].  Epitaxial  bismuth  titanate  and 
lead  zirconium  titanate  (PZT)  were  grown  on  YBCO  by  laser  ablation  and 
ferroelectricity  was  observed.  Recently,  thin  films  of  two  other  lattice  matched 
conductive  oxides,  LaxSri.xCoOs  (LSCO)  and  SrxCai.xRuOs  (SCRO),  have  also 
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been  successfully  prepared  by  laser  ablation  and  off-axis  sputteringfll,  12], 
Both  LSCO  and  SCRO  exhibit  isotropic,  low  electric  resistivities  and  good 
compatibility  with  ferroelectric  PZT  films[ll,12]. 

In  this  work,  we  report  the  results  of  the  first  plasma  enhanced  metal 
organic  chemical  vapor  deposition  (PE-MOCVD)  of  LSCO/BaTiOs  and 
YBCO/BaTiOa  heterostructures.  For  ULSI  applications,  CVD  is  preferred 
because  of  its  compatibility  with  existing  silicon  semiconductor  processes,  high 
throughput,  and  ease  of  scale-up  to  manufacturing  volumes.  The  usefulness  of 
both  LSCO  and  YBCO  as  electrode  materials  for  FE  capacitors  will  be 
discussed. 

EXPERIMENTAL 

All  three  materials  (LSCO,  YBCO,  and  BaTiOs)  were  grown  by  a  novel 
single  liquid  source  plasma-enhanced  metalorganic  chemical  vapor  deposition 
(PE-M0(5VD)  process  in  an  inverted  vertical  reactor  configuration.  Details  of 
the  reactor  and  the  deposition  conditions  for  YBCO  and  BaTiOa  have  been 
reported  elsewhere!  13, 14].  Briefly,  the  requisite  B-diketonate  complexes 
(M(thd)n,  thd  =  2,2,6,6-tetramethyl-3,5-heptanedionate)  were  dissolved  in  an 
organic  solvent  and  the  solution  was  injected  by  a  liquid  pump  into  a  heated, 
stainless  steel  vaporizer]  15]  which  was  maintained  at  200-230°C  during 
deposition.  The  substrates  used  were  (100)  MgO,  (100)  LaAlOa,  and  Pt 
metallized  Si  (Pt/Ta/ONO/Si,  ONO  stands  for  a  Si02/ Si3N4  /  Si02  trilayer).  All 
films  were  deposited  at  600-700°C.  The  film  composition  was  controlled  by 
varying  the  molar  ratio  of  the  organometallic  complexes  in  the  solution.  The 
precursor  vapor  was  carried  upstream  of  the  reactor  inlet  by  nitrogen  carrier 
gas  (flow  rate  =  50-100  seem)  and  the  vaporization  process  took  place  on  a 
continuous  basis.  The  transport  rate  of  the  solution  to  the  vaporizer  was  5  -10 
mm3/min.  and  the  typical  film  thickness  was  0.3  -0.5  pm.  The  reactor  pressure 
was  maintained  at  1. 5-2.0  Torr.  The  composition  of  the  films  was  determined 
from  energy  dispersive  X-ray  analysis  (EDX).  Scanning  electron  microscopy 
(SEM)  was  used  to  study  the  surface  morphology  of  the  films.  The 
microstructure  of  the  films  was  characterized  by  X-ray  diffraction  (XRD)  using 
a  Rigaku  D/Max-3HFX  X-Ray  Diffractometer.  The  thickness  and  surface 
topography  of  the  films  were  measured  with  a  Dektak  IIA  profilometer. 


RESULTS  AND  DISCUSSION 

YBCO  and  BaTiOa  were  first  deposited  on  single  crystal  (100)  LaAlOa  and 
(100)  MgO  substrates.  Fig,  la  shows  the  X-ray  diffraction  pattern  for  a  typical 
YBCO  film  deposited  at  680°C  by  PE-MOCVD  on  (100)  LaAlOs.  Fig.  lb  shows 
the  X-ray  diffraction  pattern  for  a  typical  BaTiOs  film  deposited  at  700°C  by  PE- 
MOCVD  on  (100)  MgO.  As  can  be  seen  from  the  figures,  single  phase,  highly 
textured  YBa2Cu307-x  and  BaTiOa  were  formed  in-situ  by  single  liquid  source 
PE-MOCVD.  Pole  figure  measurements  revealed  that  both  the  YBCO  and 
BaTiOa  films  grew  epitaxially  on  these  single  crystal  substrates.  Four  probe 
electrical  resistivity  measurements  indicated  that  the  YBCO  films  were 
metallic  at  normal  state  until  the  film  entered  the  superconducting  state  at  TcO 
=  89  K.  The  typical  normal  state  resistivity  at  room  temperature  was  200  pQ- 
cm.  Details  of  the  YBCO  film  and  electrical  properties  have  been  reported 
elsewhere  [13].  To  examine  the  feasibility  of  YBCO  films  as  electrodes  for  FE 
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capacitors  under  the  PE-MOCVD  conditions.  BaTiOa  films  were  deposited  on 
top  of  the  YBCO.  Fig.  Ic  shows  the  X-ray  diffraction  pattern  for  a  BaTiOa  film 
deposited  at  TOO^C  by  PE-MOCVD  on  YBCO/LaAlOa-  The  deposition  conditions 
were  identical  to  those  for  the  BaTiOa  film  shown  in  Fig.  lb.  A  single  crystal 
LaAlOa  substrate  was  placed  side  by  side  with  the  YBCO/LaAlOa  specimen  as  a 
monitor.  As  can  be  seen  from  Fig.  Ic,  both  (100)  and  (110)  BaTiOs  peaks  were 
observed.  The  crystallinity  of  the  YBCO  film  was  found  to  deteriorate  compared 
to  the  YBCO  film  prior  to  BaTiOa  deposition.  In  contrast,  the  BaTiOs  film 
deposited  on  the  monitor  substrate  was  highly  (100)  oriented. 


Fig.  1  (a)  X-ray  diffraction  pattern  for  a  YBCO  film  deposited  on  (100)  LaAlOs  at 
680  °C  by  single  precursor  PE-MOCVD.  The  film  was  epitaxial  imlIi  the 
substrate  as  confirmed  by  pole  figure  measurement. 

Fig.  1(b)  X-ray  diffraction  pattern  for  a  BaTiOs  film  deposited  on  (100)  MgO  at 
700  °C  by  single  precursor  PE-MOCVD. 

Fig.  1(c)  X-ray  diffraction  pattern  for  a  BaTiOa/YBCO/LaAlOs  heterostructure. 
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YBCO  and  BaTiOa  have  also  been  deposited  by  single  precursor  PE- 
MOCVD  on  Pt/Ta/ONO/Si  substrates.  The  composite  buffer  layer  Pt/Ta/ONO 
has  been  extensively  investigated  as  the  bottom  electrode  for  ferroelectric 
capacitors!  16];  Pt  is  stable  in  the  oxidizing  growth  atmosphere  and  the  ONO 
stack  prevents  the  formation  of  platinum  silicide  during  growth.  The 
intermediate  Ta  layer  is  needed  to  adhere  the  Pt  to  the  ONO  stack.  Both  YBCO 
and  BaTiOs  films  grown  on  the  stack  were  polycrystalline  with  somewhat 
preferred  orientation  (c-axis  oriented  for  YBCO,  a-axis  oriented  for  BaTiOa). 
Both  YBCO/BaTiOa/Pt/Ta/ONO/Si  and  BaTiOa/YBCO/Pt/Ta/ONO/Si 
heterostructures  have  been  prepared  by  PE-MOCVD.  In  all  the  cases,  the 
quality  of  YBCO  films  was  poor. 

The  results  discussed  above  indicate  that  YBCO  is  not  a  suitable  electrode 
material  for  FE  capacitors  under  the  PE-MOCVD  conditions.  The  intrinsic 
drawbacks  of  YBCO  as  an  electrode  for  FE  capacitors  are  its  sensitivity  to 
ambient  environment,  in  particular  water  vapor,  and  the  highly  anisotropic 
electrical  property  along  a-  and  c-axes.  In  this  regard,  LaSrCoO  and  SrCaRuO 
are  two  promising  lattice  matched,  perovskite-type  conductive  oxides  which 
exhibit  isotropic,  low  electrical  resistivities  and  good  compatibility  with 
ferroelectric  PZT  films[ll,12].  Cheung  et  al.  [11]  recently  demonstrated  that 
LSCO  films  prepared  by  laser  ablation  exhibit  crystallographically  isotropic 
electrical  conductivity  and  are  much  more  stable  than  YBCO. 


Fig.  2  X-ray  diffraction  pattern  for  a  LSCO  film  deposited  on  (100)  MgO  at  700 
by  single  precursor  PE-MOCVD. 

We  have  recently  prepared  LSCO  films  by  single  precursor  PE-MOCVD. 
Figure  2  shows  the  6-20  scan  for  a  LSCO  film  deposited  on  (100)  MgO  substrate 
at  700  °C.  As  can  be  seen  in  Fig.  2,  a  phase  pure  LSCO  was  obtained.  Only  the 
(100)  and  (110)  peaks  were  present  in  the  CVD-derived  films.  To  the  best  of  our 
knowledge,  this  is  the  first  report  of  growth  of  LSCO  films  by  CVD.  The  as- 
deposited  film  was  smooth  and  exhibited  a  mirror-like  surface.  Fig.  3  shows  a 
scanning  electron  micrograph  of  the  surface  of  a  typical  LSCO  film  on  MgO 
(100).  Fig.  3  indicates  the  formation  of  a  dense,  smooth  film  with  no  discernible 
grain  boundaries.  Fig.  4  shows  a  cross-sectional  SEM  micrograph  of  a  LSCO 
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film  on  MgO  (100)  and  indicates  that  a  dense  packed  material  was  formed  with 
a  sharp  interface.  I-V  measurements  of  patterned  LSCO  films  using  Au 
contact  indicated  that  the  contact  between  LSCO  and  Au  electrode  is  ohmic. 
The  resistivity  of  the  LSCO  film  was  -  200  pO-cm  derived  from  the  I-V  curve. 
Fig.  5  shows  an  X-ray  diffraction  pattern  for  a  BaTiOa/LSCO/MgO 
heterostructure.  Only  (100)  and  (110)  peaks  from  BaTiOs  and  LSCO  were 
observed.  No  noticeable  deterioration  of  LSCO  was  observed  following  the 
BaTiOa  deposition.  We  are  currently  optimizing  the  process  to  evaluate  the 
electrical  properties  of  the  BaTiOa/LSCO  and  LSCO/BaTiOa  heterostructures. 


Fig.  3  Scanning  electron  micrograph  Fig.  4  Cross-sectional  micrograph  of 

of  a  typical  LSCO  film  on  ( 100)  MgO.  a  LSCO  film  on  (100)  MgO. 

The  film  is  deposited  by  single  source 
PE-MOCVD. 


2  ©(degrees) 

Fig.  5  X-ray  diffraction  pattern  for  a  BaTiOa/LSCO/MgO  heterostructure.  Both 
Ba'fiOa  and  LSCO  were  deposited  by  single  source  PE-MOCVD. 
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SUMMARY 

LaxSri-xCoOa  (LSCO)  thin  films  have  been  prepared  for  the  first  time  by  a 
novel  single  liquid  source  plasma-enhanced  metalorganic  chemical  vapor 
deposition  (PE-MOCVD)  process.  LSCO  thin  films  prepared  by  PE-MOCVD 
have  a  mirror-like  surface  and  exhibit  low  electrical  resistivity  (p  -  200  pQ-cm 
at  room  temperature).  Thin  film  heterostructures  of  BaTiOs/YBCO  and 
BaTiOs/LSCO  have  been  fabricated  by  PE-MOCVD.  YBCO  films  were  found  to 
have  deteriorated  after  the  deposition  of  BaTiOs  on  them  under  the  PE-MOCVD 
conditions.  In  contrast,  LSCO  thin  films  prepared  by  PE-MOCVD  were 
smoother  and  more  robust  to  the  upper  BaTiOa  deposition  as  compared  to 
YBCO.  These  characteristics  render  LSCO  a  promising  electrode  material  for 
ferroelectric  capacitors. 
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ABSTRACT 


Ferroelectric  Pb(Zr,Ti)0,(PZT)  films  with  a  pcrovskite  phase  were  successfully  grown  by 
MOCVD  using  a  6  inch  wafer  CVD  system.  A  two  step  growth  process  was  proposed  to 
obtain  perovskite  PZT  films  at  high  gas  supplying  ratios  of  (Zrl/(|Zr]+|Til).  The  electrical 
properties  of  the  PZT  films  obtained  were  measured.  Large  area  growths  of  PZT  films  were 
carried  out  and  the  uniform  films  could  be  grown  on  the  entire  area  of  a  6  inch  Si  wafer.  It 
was  also  found  that  the  step  coverage  characteristic  of  the  films  grown  by  MOCVD  was  good. 


INTRODUCTION 


Recently  ferroelectric  Pb(Zr,Ti)0,  (PZT)  thin  films  have  been  attracting  much  attention 
for  a  wide  variety  of  electrical  and  optical  applications,  including  memory  devices,  surface 
acoustic  wave  devices,  optical  modulator  devices  and  integrated  optic  devices,  because  of 
their  high  dielectric  constants,  large  spontaneous  polarizations,  and  large  pyroelectric,  pie- 
zoelctric  and  electro  optic  effects. 

Many  thin  film  techniques  to  obtain  PZT  thin  films,  including  physical  and  chemical 
methods,  have  been  reported.  Among  the  physical  techniques,  there  are  evaporation  and 
sputtering  methods.  Among  the  chemical  techniques,  there  arc  chemical  vapor  deposition 
(CVD),  mctalorganic  chemical  vapor  deposition  (MOCVD),  mctallorganic  decomposition 
(MOD)  and  sol-gel  methods.  Of  all  of  lhc,se  techniques,  the  sputtering  methods  (DC.  RF,  RF 
magnetron,  ion  beam  etc.)  have  been  the  most  widely  used  because  of  their  convenience  and 
the  high  melting  point  of  the  PZT  materials.  The  sol-gel  method  is  also  a  relatively  new 
method  for  the  preparation  of  PZT  films  and  many  studies  have  reported  the  case  of  the 
composition  control,  a  better  homogeneity  and  a  lower  cost  than  other  methods. 

In  the  past  .several  years,  interest  in  the  use  of  the  MOCVD  method  has  increased  greatly 
because  of  its  great  usefulness,  high  potentiality  and  the  recent  development  of  new  source 
materials.  The  MOCVD  method  has  additional  advantages  such  as  a  high  controllability  of 
film  composition  and  crystalline  structure,  a  high  growth  rate,  good  step  coverage  and  the 
possibility  of  the  scale-up  of  the  process  from  the  laboratory  to  commercial  based  production. 
However  there  have  been  few  reports  on  the  large  area  growth  and  evaluation  of  PZT  thin 
films  for  practical  use  using  a  productive  MOCVD  system  [  1  ].  Therefore,  in  order  to  confirm 
the  advantages,  as  mentioned  above,  of  the  MOCVD  method  for  the  practical  use  of  memory 
applications  and  to  investigate  the  problems  included  in  the  MOCVD  process,  we  developed  a 
6  inch  wafer  MOCVD  system  and  performed  experiments  on  the  growth  of  PZT  thin  films. 

In  this  paper  we  will  described  the  growth  of  PZT  thin  films  using  a  6  inch  wafer 
MOCVD  system.  In  particular,  a  two  step  growth  which  was  performed  to  control  the  crystal¬ 
line  structure,  the  electrical  properties  and  the  large  area  growth  of  PZT  thin  films  on  a  6  inch 
wafer  will  also  be  described. 
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Fig.l.  Schematic  diagram  of  the 
MOeVD  system. 


EXPERIMENTAL  PROCEDURE 

In  order  to  perform  the  large  area  growth  of  PZT  thin  films,  an  MOCVD  system  which 
could  mount  6-8  inch  Si  wafers  was  developed.  The  MOCVD  system  used  is  schematically 
shown  in  Fig.l.  This  system  consisted  of  a  gas  supplying  system,  a  reaction  chamber  and  an 
evacuation  system.  In  the  gas  supplying  system,  there  were  temperature  controlled  o\cns  for 
the  source  precursor  vessels.  All  stainless  steel  pipes  connected  from  gas  supplying  system  to 
the  reaction  chamber  were  heated  by  ribbon  heaters  to  prevent  the  solidification  of  the  source 
materials  inside  the  pipes.  The  quartz  reactor  chamber  was  of  a  vertical  type  and  had  an 
inside  diameter  of  300mm.  A  6-8  inch  wafer  could  be  loaded  in  this  reactor.  The  pressure  in 
the  reactor  could  kept  constant  using  an  automatic  throttle  valve.  In  the  evacuation  system,  a 
mechanical  booster  pump  and  a  rotary  pump  were  used.  The  exhaust  was  released  to  the  air 
through  the  thermal  decomposition  furnace. 

In  our  experiments,  Pb(DPM)2  (lead  bisdipivaloylmethanc,  Nippon  Sanso  Co.,  purity: 
99,9%),  Zr(0-t-C4H9)4  (zircottium  tetratcrtmybutoxidc,  Tti  Chemical  Lab.  Ltd.,  purity: 
99.999%),  Ti(0-i-CjH7)4  (titanium  tetraisopropoxidc,  Tri  Chemical  Lab.  Ltd.,  purity  : 
99.999%)  and  02(purity  :  99.995%)  were  used  as  the  source  materials.  The  carrier  gas  used 
was  an  Ar  gas  (purity  :  99.9999%).  The  gas  flow  rates  of  the  gases  were  controlled  precisely 
using  mass  flow  controllers. 

Si(lOO)  and  Pt(l  1 1)/Si02/Si(100)  were  used  as  substrates.  Pt  films  were  coated  by  sput¬ 
tering. 


RESULTS  AND  DISCUSSION 


Growth  of  PbO,  ZrO^  and  TiO,  thin  films 


In  the  first  set  of  experiments,  the  growth  behavior  of  PbO,  ZrOj  and  Ti02  films  were 
investigated  -  in  particular,  the  dependence  of  the  deposition  rate  on  the  growth  temperature, 
reactor  pressure  and  oxygen  concentration. 

The  deposition  rates  of  PbO,  Zr02  and  Ti02  films  increased  at  growth  temperatures  lower 
than  around  500"C,  and  at  higher  than  around  500"C  they  decreased.  This  means  the  pyroly¬ 
sis  and  oxidation  of  the  source  materials  at  the  substrate  surface  determined  the  deposition 
rate. 

Measuring  the  dependence  of  the  deposition  rate  on  the  reactor  pressure,  it  was  found  that 
the  deposition  rates  of  ZrOj  and  Ti02  increased  from  2  to  70  nm/min  and  from  7  to  50 
nm/min,  respectively,  as  the  reactor  pressures  increased  from  0,1  to  10  Torr,  On  the  other 
hand,  PbO  films  were  not  grown  at  reactor  pressures  lower  than  1  Torr,  PbO  films  showed  a 
deposition  rate  increasing  from  2  to  24  nm/min  as  the  reactor  pressure  increased  from  1  to  10 
Torr, 
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The  deposition  rates  of  the  ZrOj  and  TiO,  films  were  independent  of  the  oxygen  concen¬ 
tration.  This  means  that  the  main  reaction  is  pyrorysis  in  Zr  and  Ti  source  materials  (2|.  On 
the  other  hand,  the  deposition  rates  of  the  PbO  films  incre.ised  as  the  oxygen  concentration 
increa.sed  up  to  around  30%,  an  experimental  result  which  indicates  that  the  main  reaction  is 
the  oxidation  of  the  Pb  source  [3,4]. 


Growth  PbfZr,Ti)0,  thin  films 


In  the  second  set  of  experiments,  PZT  films  were  deposited  at  substrate  temperatures  of 
550  and  600“C  and  at  gas  supplying  ratios  of  [Zrl/((Zr|+(Ti|)  ranging  from  0  to  0.86.  Pero\  - 
skite  PZT  films  with  a  tetragonal  type  were  obtained  at  gas  supplying  ratios  of 
[Zr]/([Zr]+|Ti|)  lower  than  0.6,  as  shown  in  Fig.2(a).  Rhombohedral  PZT  films  could  be 
grown  at  a  [Zr]/([Zrl+[Ti|)  ratio  of  0.74  and  at  WK>C.  However  when  the  films  were  pre¬ 
pared  at  gas  supplying  ratios  of  [Zr]/((Zr|+[ti|)  higher  than  0.74,  pyrochlore  PZT  films  and 
Zr02  films  were  grown.  At  these  hi^er  (Zr]/(|Zr|+(Ti|)  ratios,  substrate  temperatures  higher 
than  600‘’C  were  required  to  grow  perov-.liite  PZT.  The  formation  of  ZrO^  at  a  higher  Zr 
content  region  has  been  reported  (5|. 

In  order  to  avoid  the  formation  of  pyrochlore  and  Zr02  films  and  to  obtain  perovskite  PZT 
films,  a  two  step  growth  technique  was  proposed.  In  the  two  step  growth  process,  PbTiOj 
layers  with  a  perovskite  phase  were  first  introduced  as  an  intermediate  layer  because  they 
were  easy  to  obtain  in  our  growth  process.  In  the  succeeding  process,  PZT  films  were  depos¬ 
ited  on  the  PbTiOj  layers.  It  was  found  that  rhombohedral  perovskite  PZT  films  could  be 
grown  only  on  an  intermediate  PbTiOi  layer  at  ratios  of  (Zr|7((Zr)+|Ti|)  higher  than  0.74  as 
shown  in  Fig.2(b),  and  when  PZT  films  were  deposited  on  the  PbTiO,  intermediate  layers, 
the  rhombohedral  perovskite  PZT  films  were  obtained  at  lower  substrate  temperatures  than 
when  PZT  films  were  directly  deposited  on  Pt/Si02/Si.  These  experimental  results  means  that 
an  intermediate  PbTiOs  layer  plays  the  very  important  role  of  forming  the  dense  nuclei  in  the 
succeeding  PZT  growth  process.  The  intermediate  PbTiO,  layer  may  also  act  as  a  buffer 
layer  which  relaxes  the  differences  of  the  lattice  constant  between  PZT  and  Pt. 
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Fig.2.  Crystalline  pha.se  diagram  of  films  grown  on  ;  (a)  Pt/Si02/Si,  (b) 
PbTiOyVt/SiOj/Si. 
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When  PbO,  ZrOj  and  TiO,  layers  were  used  as  an  intermediate  layer  instead  of  PbTiO,. 
only  the  Ti02  layers  were  effective  in  the  growth  of  the  ihomlxthedral  perovskite  PZT  films. 
The  effectiveness  of  this  use  of  the  TiO^  intermediate  layer  may  base  a  close  relationship  to 
the  deposition  mechanism  of  PZT. 


Film  composition 


The  film  composition  was  analyzed  by  the  inductively  coupled  plasma  (ICP)  emission 
spectrometry  method.  In  MOCVD,  the  film  composition  (Zr/(Zr+Ti))  could  be  controlled  by 
changing  the  Ar  carrier  gas  flow  rates  of  the  Zr  and  Ti  sources.  The  compositional  ratio  of 
films  was  not  proportional  to  the  gas  supplying  ratio  Zr/([Zrl  +  |Ti]),  which  means  the  Zr 
content  could  not  easily  he  contained  in  the  films  (5|. 


Electrical  properties 


The  electrical  properties  of  the  films  obtained  were  measured.  The  dependence  of  the 
relative  dielectric  constant  of  the  films  (1(K)-160  nm)  on  the  gas  supplying  ratio  is  shown  in 
Fig.3.  The  relative  dielectric  constants  varied  from  50  to  640  with  the  change  in  the  film 
composition.  The  decrease  of  the  relative  dielectric  constant  at  gas  supplying  ratios  of 
(Zr|/((Zr|+(Ti|)  higher  than  0.6  was  due  to  the  formation  ol  pyrochlorc  phase  and  ZrO,.  The 
effect  of  intermediate  layer  in  the  two  step  growth  on  the  dielectric  constant  was  also  investi¬ 
gated.  The  perovskite  PZT  films  obtained  on  the  PbTi03  intermediate  layer  had  higher  cl''- 'me¬ 
tric  constants  than  those  of  non-perovskite  films  obtained  on  ZrOi  and  PbO  intermediate 
layers.  The  perovskite  PZT  films  grown  using  the  two  step  growth  process  at  high 
lZr]/((Zrl+(Ti|)  ratios  also  showed  D-E  hysteresis  loops  and  these  films  were  found  to  have 
fcrroelectricity. 
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Figure  4  illustrates  a  typical  D-E  hysteresis  lixrp  of  a  120  nm-thick  tetragonal  PZT  film 
grown  at  WKKC.  The  remanant  polarization  (P,)  and  coercive  field  (E^.)  of  this  film  were  30 
pC/cm’  and  100  kV/cm.  P,  and  E^  of  the  films  (100-160  nm)  obtained  were  9-38  pC/cm’ 
and  70-220  kV/cm,  respectively. 

The  switching  characteristics  were  also  investigated  by  applying  double  bipolar  pulses 
with  an  amplitude  of  5V,  The  typical  switched  charge  density  of  a  PZT  film  with  a  thickness 
of  KMlnm  was  55  pC/cm-  and  the  switching  time  was  25  p-sec  when  the  upper  electrode  with 
an  area  of  8x10  ’  cm-  was  used. 


Large  area  growth  of  PZT 


Corresponding  with  the  requiremen's  of  a  practical  applications  of  the  MOCVD  prtKCSs. 
large  area  growths  of  PZT  films  on  a  6  inch  Si  wafer  were  performed.  The  film  uniformitv 
was  affected  by  the  gas  flow  rate,  the  substrate  temperature,  the  distance  between  the  gas 
nozzle  and  the  substrate,  and  the  shape  of  the  gas  nozzle.  Prior  to  the  large  area  growth  of  the 
PZT  films,  in  order  to  investigate  the  optimum  conditions  for  large  area  growth  with  good 
uniformity,  depositions  of  PbO,  ZrO,  and  TiO.  films  were  carried  out. 

In  the  growth  of  the  PbO  films,  PbO  films  with  a  good  uniformity  were  grown  using  a 
funnel-shaped  nozzle  when  the  films  were  grown  at  substrate  temperatures  in  a  range  from 
400  to  btKKT  and  at  reactor  pressures  in  a  range  from  3  to  5  Torr. 

There  was  a  marked  difference  in  the  optimum  reactor  pressure  required  to  produce  the 
PbO  films,  and  that  required  for  the  TiOi  and  ZrO,  films.  TiO,  and  ZrO,  films  with  a  good 
uniformity  could  be  grown  at  reactor  pressures  lower  than  1  Torr.  At  reactor  pressures  lower 
than  1  Torr,  the  growth  rate  of  PbO  was  very  slow,  as  mentioned  above.  Therefore  the 
optimum  reactor  pressure  to  produce  PZT  was  determined  to  be  5  Ton. 

When  PZT  films  were  prepared  at  5  Torr  and  60()"C,  the  uniformity  was  very  poor,  al¬ 
though  the  PZT  films  were  deposited  entirely  over  the  substrate. 

In  our  next  attempt,  in  order  to  improve  the  distribution  of  the  gas  flow  for  the  growth  of 
films  with  a  good  uniformity,  a  nozzle  with  a  diameter  of  28.5mm  was  used  and  a  large 
amount  of  Ar  canier  gas  (10  1/min)  was  supplied.  In  this  case,  a  slight  improvement  in  uni¬ 
formity  was  observed,  but  the  thickness  uniformity  was  still  poor. 
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Fig.5.  Measurement  of  the  film  thickness 
of  a  film  on  a  6  inch  Si  wafer 
(Xthorizontal  direction,  Y-.vcrtical 
direction). 


Fig.6.  Cross  sectional  view  of  a  PZT 
film  obtained  by  MOCVD  on  a  Si 
ridge  pattern. 
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In  the  third  attempt,  a  nozzle  with  a  diameter  of  20cm  perforated  with  many  small  holes 
was  used.  Using  this  nozzle,  good  uniform  films  with  a  thickness  varied  by  less  than  5% 
were  successfully  obtained  as  shown  in  Fig.5.  The  good  uniformity  of  the  film  composition 
was  also  observ  ed. 


Step  covcra)ie 


As  the  functional  device  technology  advances  toward  smaller  device  features,  gorrd  step 
coverage  becomes  a  rr  ire  important  requirement  in  thin  film  devices.  To  investigate  the  step 
coverage  charactcristiis  of  films  prepared  by  MOCVD,  films  were  deposited  on  Si  with  ridge 
patterns  of  1.1-10  pri  in  width.  Figure  6  shows  the  cross  sectional  view  of  the  film 
deposited  on  the  ridge  pattern.  This  SEM  photograph  shows  the  good  uniformity  of  both 
overall  coverage  and  sidewall  coverage,  and  we  found  the  MOCVD  process  to  be  an  effective 
method  to  get  good  step  coverage  characteristics. 


CONCLUSIONS 


Thin  film  growths  of  PZT  were  performed  by  MOCVD  using  a  6  inch  single  wafer  CVD 
system.  Tetragonal  and  rhombohedral  PZT  thin  films  with  a  perovskite  phase  could  success¬ 
fully  be  grown.  The  crystalline  structure  was  changed  by  changing  the  gas  supplying  ratio  of 
[Zrl/(lZrl+[Ti|).  At  ratios  of  [Zrl/((Zrl+[Til)  higher  than  0.7,  perovskite  PZT  films  could  not 
be  grown  because  of  the  formation  of  pyrochlorc  phase  and  ZrO,.  However,  when  the  two 
step  growth  process  we  proposed  was  carried  out,  perovskite  PZT  films  could  be  grown  and 
they  showed  ferroelectricity.  The  film  composition  could  be  controlled  by  changing  the 
[Zr)/([Zrj-t-|Tj])  ratio. 

The  relative  dielectric  constants  of  the  PZT  films  (100-160  nm  in  thickness)  obtained  at 
different  gas  flow  rates  of  the  Zr  and  Ti  sources  ranged  from  260  to  640,  and  the  remanent 
polarizations  and  coercive  fields  were  9-38  pC/cm^  and  70-220  kV/cm,  respectively. 

Attempts  at  large  area  growths  of  PZT  films  with  good  uniformity  were  carried  out,  and 
uniform  films  could  be  obtained  on  a  6  inch  wafer.  Good  step  coverage  characteristics  were 
also  obtained  by  our  MOCVD  process. 
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ABSTRACT 

A  wet  chemical  deposition  process  for  smooth  and  crackfree  films  In  the  system 
PblZCi^TnOj  (PZT)  has  been  developed  Final  film  thicknesses,  reached  with  one  coating 
step,  were  in  the  region  of  1  pm  Starting  from  lead  acetate  trihydrate,  zirconium-  and 
titanium-n-propoxide,  high  molarity  (>  2M)  coating  sols  have  been  prepared  that  could  be 
handled  in  air  and  were  stable  for  more  than  170  days 

Films  with  compositions  near  the  morphotropic  phase  boundary  (x=47)  and  various  lead 
contents  were  deposited  on  Pt-coated  Si-wafers  and  Al^Oj-substrates  by  a  spin-on 
method  Wet  films  could  be  pyrolyzed  and  densified  with  a  fast  heat  treatment  without 
cracking  The  crystallization  of  films  into  the  desired  perovskite  structure  started  at 
comparatively  low  temperatures  (ca  530  °C)  and  proceeded  rapidly  at  temperatures  above 
650  °C  A  slight  molar  excess  of  lead  and  a  proper  heating  rate  were  found  to  produce  films 
with  the  best  electrical  properties.  The  films  on  platinized  AI^O,  substrates  showed 
device-worthy  dielectric  and  ferroelectric  properties  with  typical  values  for  P,.  E^,  and  t,  of 
24  pC/cm',  4  5  KV/mm  and  650,  respectively 

INTRODUCTION 

Thin  ferroelectric  films  in  the  system  lead  zirconate  titanate  Pb(Zr,Ti,,)0,  (PZT)  are 
receiving  increased  attention  due  to  their  unique  electrical  and  optical  properties  In 
comparison  with  sputtered  films,  wet  chemically  derived  PZT  films  can  be  produced  less 
expensively  and  show  superior  ferroelectric  properties,  possibly  because  of  their  more 
uniform  morphology  and  smaller  crystallite  sizes  [1]  Potential  applications  for  thin  films 
include,  amongst  others,  piezoelectric  and  pyroelectric  sensors,  actuators,  electro-optic 
devices  and  non-volatile  memories  [2]. 

Up  to  now  numerous  wet  chemical  procedures  for  PZT  thin  film  preparation  have  been 
reported,  but  the  maximum  film  thickness  reached  with  one  coating  step  is  often 
insufficient  for  application.  Multiple  deposition  processes  increase  the  thickness  but 
reduce  the  reliability  and  increase  the  number  of  defects  We  tried  to  work  out  a  one  step 
wet-chemical  deposition  procedure  for  PZT  films  with  final  thicknesses  in  the  range 
of  1  pm. 

EXPERIMENTAL  PROCEDURE 
Sol  preparation: 

At  present  methoxyethanol  is  the  solvent  most  frequently  used  in  PZT  thin  film 
preparation  Diols  were  proposed  by  Phillips  [3]  as  solvents  with  possible  cross-linking 
capabilities  for  Zr-  and  Ti-alkoxides.  Commercially  available  lead  acetate  trihydrate, 
zirconium-  and  titanium-n-propoxide  proved  to  be  suitable  as  starting  materials  1,3-pro- 
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panedioi  was  chosen  as  a  solvent  because  of  its  high  boiling  point,  high  viscosity  and  good 
solubility  for  lead  acetate.  The  general  procedure  of  the  coating  sol  preparation  and  film 
deposition  is  given  in  Figure  1 
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General  procedure  of  PZT  powder  and  film  preparation  used  in  this  work 


The  pure  Zr/Ti-alkoxides  are  quite  prone  towards  hydrolysis  and  condensation  reactions 
followed  by  precipitation  (41.  After  reacting  a  mixture  of  the  desired  Zr/Ti  ratio  with  one 
equivalent  of  the  chelating  agent  acetylacetone  it  could  be  handled  in  air  The  mixture  was 
diluted  with  1.3-propanediol  before  lead  acetate  trihydrate  was  added  The  dehydration  of 
the  trihydrate  could  thus  be  avoided  On  heating  a  clear  solution  was  obtained  from  which 
low  boiling  reaction  products  as  n-propanol  and  water  were  distilled  off  until  the  boiling 
point  of  the  sol  reached  190  °C  The  resulting  coating  sol  was  a  clear,  viscous  and 
gold-yellow  liquid  which  had  an  exceptional  high  molarity  of  more  than  2  M  This  corre¬ 
sponds  to  a  solid  yield  in  the  range  of  40  mass% 

Spectroscopic  analysis  of  the  coating  sol  and  the  distillate  revealed  that  all  of  the 
n-propoxide  groups  were  substituted  by  1.3-propanediol  groups  A  small  proportion  of 
acetylacetone  is  distilled  off,  but  the  main  fraction  remains  bonded  to  the  Zr-  and 
Ti-alkoxides  This  is  demonstrated  by  a  broad  infrared  absorption  band  at  1550  cm  ’.  The 
closer  analysis  of  the  spectrum  is  difficult  because  of  the  overlapping  absorption  band 
from  lead  acetate  (1530  cm  ’ ) 

A  certain  amount  of  esters  was  formed  from  reactions  between  acetate,  n-propanol  and 
1 ,3-propantfdiol  as  indicated  by  the  infrared  absorption  bands  at  1740  and  1720  cm  ’ 
Esterification  reactions  between  lead  acetate  and  the  solvent  alcohol  or  alkoxide  groups 
have  been  reported  previously  (51.  while  some  authors  assume  a  reaction  between  lead-  and 
Zr/Ti-compounds  (61.  Heterometallic  compounds,  possibly  resulting  from  such  reactions, 
may  increase  the  homogeneity  in  the  PZT  precursor  (71. 

The  coating  sols  were  remarkably  stable  according  to  dynamic  light  scattering  experi¬ 
ments  A  narrow  distribution  of  particle  sizes  around  15  nm  was  found  in  a  diluted  coating 
sol.  10  d  and  even  170  d,  after  preparation  Measurements  with  a  rotational  rheometer 
revealed  a  newtonian  flow  behavior  of  the  sols  with  dynamic  viscosities  in  the  range  of 
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300  mPa  s  which  did  not  alter  within  the  mentioned  period  From  these  measurements  the 
formation  of  polymers  with  high  chain  lertgth  can  be  excluded 

The  thermal  analysis  of  a  PZT  precursor  powder  reveals  two  exothermic  events 
accompanied  by  weight  losses  at  about  300  and  500  °C  (Fig  2)  From  FT-IR  reflectance 
spectra  of  PZT  precursor  films  (Fig.  3)  which  were  heated  to  various  temperatures  it  could 
be  deduced  that  at  temperatures  below  250  °C  esters  and  free  solvent  alcohol  are 
removed  On  further  heating  alkoxide  and  acetylacetonate  groups  are  thermoly2ed  (ca 
3(X)  °C)  and  the  absorption  bands  attributed  to  acetate  are  slightly  shifted  towards  lower 
wavenumbers  They  can  be  observed  up  to  temperatures  of  490  °C 
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Fig  2;  Thermal  analysis  of  a  PZT  precur¬ 
sor  powder,  predried  at  2(X)  °C 
(atmosphere:  air;  heating  rate 
10  K/min) 


Fig.  3;  FT-IR  reflectance  spectra  of  a  PZT 
precursor  film  heated  to  various  tem¬ 
peratures  (“I;  Esters,  •  acetate, a  1,3- 
propanediol) 


Film  preparation: 

A  conventional  spinner  was  used  for  film  deposition  on  bare  AljO,-substrates,  platinum 
coated  Si-wafers  and  platinized  AljOj-substrates.  Films  dried  at  room  temperature  or  with 
moderate  heating  cracked  severely  but  we  succeeded  in  producing  crackfree.  smooth  and 
strongly  adhering  films  up  to  a  thickness  of  1.1  pm  by  employing  a  special  heat  treatment 
For  that  purpose  the  coated  substrates  had  to  be  rapidly  heated  to  temperatures  exceeding 
300  °C  to  evaporate  solvent  and  to  promote  densification. 

For  the  preparation  of  PZT-films  suitable  for  electrical  measurements,  the  freshly 
coated  substrates  were  put  on  a  hot  plate  at  300  "C  and  heated  to  500  °C  within  3  min 
The  final  annealing  was  done  in  a  furnace,  raising  the  temperature  at  100  K/h  to  700  °C  and 
keeping  it  for  2  h  In  a  separate  one  step  procedure  the  films  were  directly  put  in  a 
preheated  furnace  and  kept  at  700  °C  for  10  minutes 

Film  thicknesses  were  measured  using  a  profilometer  For  this,  a  step  was  created  by 
etching  a  small  area  of  the  fired  film 

Crystallization  behavior: 


Highly  crystalline  single  phase  PZT  films  were  obtained  from  both  procedures  The 
dependence  of  crystallization  behavior  of  the  films  on  temperature  and  time  was 
investigated  by  normal  and  high  temperature  X-ray  diffraction  (XRD)  measurements 
Diffraction  patterns  of  furnace-annealed  films  are  given  in  Figure  4.  In  the  temperature 
range  between  500  and  600  °C  a  fine  grained  pyrochlore  phase  is  found,  indicated  by  two 
weak  and  broad  peaks  at  29.5  and  34  °20  After  heating  to  530  °C  small  peaks  at  22.  31  and 
38  5  “20  indicate  the  initial  formation  of  perovskite  phase  PZT  Single  phase  perovskite 
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without  a  trace  of  pyrochlore  in  the  diffraction  pattern  is  formed  after  a  heat  treatment  at 
temperatures  exceeding  650  °C 

Isothermal  XRD  measurements  were  performed  on  a  high  temperature  diffractometer 
Results  are  given  in  Figure  5  PZT(IIO)  peak  intensities  were  normalized  with  the 
AljOjdtS)  peak  as  internal  standard  with  the  requirement  that  all  samples  were  of  the 
same  thickness.  The  crystallization  was  found  to  proceed  very  quickly  (<  2  min)  at 
temperatures  above  600  °C  From  the  fact  that  no  increase  of  the  relative  intensity 
occurred  at  higher  temperatures,  it  could  be  assumed  that  crystallization  was  complete  at 
approximately  700  °C. 
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Fig.  4:  X-ray  diffraction  patterns  (Cu  Kz,  Fig  5  Isothermal  heating  of  PZT  films  on 
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The  heating  rate  also  seemed  to  be  an  important  factor  in  determining  the  fraction 
transformed  to  the  perovskite  phase  in  the  film  A  film  healed  with  a  high  rate  (estimated 
200  K/sec)  between  room  temperature  and  500  °C  developed  a  higher  relative  peak 
intensity  on  further  heating  with  5  K/min  to  700  °C  than  a  comparable  film  which  was  dried 
at  200  °C  and  then  heated  up  to  700  °C  with  5  K/min 

A  very  important  factor  affecting  the  crystallization  behavior  of  PZT  films  is  the  lead 
content  In  accordance  with  literature  [81  it  was  found  that  a  small  molar  excess  of  PbO  in 
the  range  of  10  %  significantly  lowered  the  temperature  of  complete  crystallization  and 
reduced  the  quantity  of  undesired  secondary  phases 


Electrical  characterization: 


An  array  of  circular  gold  electrodes  1  mm  in  diameter  was  sputtered  on  the  surface  to 
form  capacitor-like  structures  For  measuring  the  dielectric  and  ferroelectric  properties 
only  those  areas  with  an  isolation  resistance  of  >  10  MOhm  were  selected  Areas  with 
defects  were  thus  excluded  The  electrical  properties  were  measured  at  room  temperature 
employing  standard  equipment  and  methods:  impedance  bridge  for  permittivity  and  loss 
factor  measurement  and  integrating  series  capacitor  circuit  for  recording  the  ferroelectric 
hysteresis  loop,  with  cycle  times  ranging  from  0.3  Hz  to  20  KHz.  In  Figure  6  the  spread  of 
typical  dielectric  (relative  permittivity  and  ferroelectic  data  (remanent  polarization  P„, 
coercive  force  E^.)  are  given  The  ferroelectric  behavior  of  a  typical  PZT  film  is  demon¬ 
strated  by  the  hysteresis  loop  in  Figure  7 
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The  electrical  characterization  of  the  films  revealed  the  followir^  trends  excess  lead 
improved  the  dielectric  as  well  as  the  ferroelectric  properties  markedly,  which  is  attributed 
to  the  better  crystal  structure  and  higher  density  In  comparison  with  the  bulk  properties  of 
PZT  the  relative  permittivity  of  the  films  is  quite  high,  but  values  as  high  as  3000  were 
reported  [8]  Annealir>g  temperatures  in  the  rar^ge  of  700  "C  were  found  to  be  sufficient  for 
the  development  of  good  ferroelectric  properties. 
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Fig  7;  Ferroelectric  hysteresis  loop  of  a  1.1  pm  PZT  film  (Ph,  ^Zrg  ^^Ti^  4,03)  on  AI^O, 
(U  =  18  V.  50  Hz) 
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The  heating  conditions  strongly  influenced  the  electrical  data  of  films  prepared  on 
platinized  Si-wafers  Samples  which  were  initially  heated  up  to  500  °C  on  the  hot  plate 
showed  much  higher  values  for  and  a  lower  coercive  force  (Fig  6a)  than  those 

prepared  in  the  furnace  (t,  -  100-200,  P„  -  4-12  pC/cm^,  E,.  -  7-1 1  KV/mm)  On  platinized 
AIjO^  these  values  were  irrdeperxient  of  the  coriditions,  but  the  coercive  force  was  higher 
for  films  prepared  on  the  hot  plate  Systematic  experiments  with  varying  heating  rates 
have  to  be  performed,  however  preliminary  results  seem  to  indicate  that  the  heating  rate  in 
the  temperature  range  up  to  ca.  600  “C  affects  the  phase  composition  and  microstructure 
of  the  fired  film.  A  fast  heating  rate  below  500  **0  helps  to  avoid  the  formation  of  the 
pyrochlore  intermediate  phase  In  the  temperature  region  around  500  °C  the  nucleation  of 
the  perovskite  phase  starts  It  is  assumed  that  the  number  of  the  nuclei  can  be  influenced 
by  the  heating  rate  Thus  the  further  development  of  the  microstructure  is  affected  The 
knowledge  of  these  factors  is  Important  for  the  tailoring  of  ferroelectric  properties 

CONCLUSIONS 

Coating  sols  with  long  term  stability  have  been  developed  that  are  used  to  produce 
crackfree  PZT  films  with  thicknesses  up  to  1  pm  in  one  coating  step  It  was  found  that 
with  a  fast  heating  rate  the  fraction  of  perovskite  phase  was  increased  and  cracking  could 
be  avoided  The  crystallization  behavior  irvlicated  that  a  homogenous  distribution  of  the 
elements  was  maintained  throughout  the  whole  preparation  process  A  slight  excess  of 
PbO  and  proper  annealing  conditions  helped  to  avoid  the  intermediate  formation  of  an 
undesired  pyrochlore  phase  The  crystallization  of  PZT  started  at  530  °C,  complete 
transformation  in  the  perovskite  phase  was  reached  at  temperatures  above  650  °C  within 
minutes  All  pm  thick  film  on  Al^Oj-substrate  annealed  at  700  °C  showed  device  worthy 
ferroelectric  properties  with  typical  values  for  P„,  E^,  and  c,  of  24  uC/cmT  4  5  KV/mm  and 
650  Values  for  t,  exceeding  1000  were  measured  for  films  on  platinized  Si-wafers  The 
ferroelectric  properties  strongly  depend  on  the  heating  conditions  Further  studies  will 
include  the  tailoring  of  the  poling  behavior  for  special  applications 
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ABSTRACT 

PLZT  thin  layers  were  deposited  onto  various  substrates  by  sol-gel  methods,  and  crystallized 
under  different  conditions  and  substrate  treatments.  Relationships  are  given  for  the  chemical 
characteristics  of  the  substrate's  surface  and  the  preferred  orientations  which  develop  on  heat 
treatment.  A  preferred  (111)  orientation  always  developed  for  perovskite  crystallized  on  Pi  layers 
which  contained  Ti  on  the  surface.  This  was  attributed  to  the  formation  of  PlyTi  and  the  role  of 
heteroepitaxial  nucleation  and  growth  sites.  In  addition,  a  preferred  (100)  orientation  was  also 
obtained  on  unannealed  Pt/Ti/SiOj/Si  substrates  which  were  free  of  Ti  on  the  surface.  This  was 
attributed  to  self-textured  growth  with  flat  faces  striving  for  minimum  surface  energy  conditions. 
The  results  are  discussed  in  terms  of  the  importance  of  interfacial  chemistry  on  the  control  of 
texture  for  crystallization  of  PLZT  thin  layers  on  coated  substrates. 

INTRODUCTION 

Thin  layers  of  lead  zirconium  titanate  (i.e.,  P7T),  and  lanthanum-modiried  PZT  (i.e.,  PLZT)  in 
the  perovskite  structure,  have  potential  applications  in  non-volatile  memory  elements,  infrared 
sensors,  microactuators  and  positioners,  and  electro-optic  devices.  Processing  methods,  include: 
RF  sputtering,  chemical  vapor  deposition,  laser  ablation  and  sol-gel  processing.  In  this  paper,  we 
repon  on  sol-gel  processing  which  has  the  distinct  advantage  of  precise  compositional  control, 
structural  and  chemical  uniformity,  and  the  use  of  inexpensive  equipment.  We  extend  the  method 
to  the  development  of  textured  microstructures  with  controlled  orientations. 

Materials  with  preferred  orienution  and  epitaxy  have  unique  and  often  better  properties  than 
those  which  are  randomly  oriented.  Furthermore,  thin  layers  with  preferred  orientation  are 
preferred  for  basic  studies  on  phase  transformations  when  large  single  crystals  are  not  available,  as 
is  the  case  for  PZT  and  PLZT  crystalline  solutions.  Epitaxy  has  been  reported  for  PbTiOs  and 
PZT  thin  layers  deposited  on  single  crystals,  and  on  Pt  films,  by  vapor  phase  methods.’ '2 
However,  for  sol-gel  processing,  epitaxial  growth  is  thought  to  occur  less  likely  due  to  the  low 
mobility  of  nuclei  in  the  solid  matrix  and  competitive  processes  between  homogeneous  and 
heterogeneous  nucleation  and  growth  reactions.  lYeferred  orientations  have  been  reported  for  the 
sol-gel  method  on  lattice  matched  SrTi03  and  MgO  single  crystal  substrates^-^  and  some  were 
confirmed  to  be  epitaxial  by  TEM.^  In  addition,  preferred  orientations  were  reported  for 
perovskite  thin  layers  deposited  on  polycrystallinc  Pt.*-’-*  (Ill)  and  (100)  orientations  can 
develop  on  a  commonly  used  multilayer  substrate,  IVri/Si02/Si,  where  the  face-centered  Pt  layer 
has  a  self- textured  (111)  orientation.  Okuwada  et  al.*  reported  a  strong  dependence  of  preferred 
orientation  on  heating  rate  for  lead  magnesium  niobate  (PMN),  i.e.,  (1 1 1 )  at  slow  heating  rates  and 
(100)  at  faster  heating  rates.  Spierings  et  al.*  reported  that  PZT  layers  could  develop  with 
preferred  (100)  orientation  on  as-prepared  Pt/Ti/SiOa/Si  substrates  whereas  (100)  and  (111) 
orientations  developed  on  annealed  substrates.  However,  no  reasonable  explanations  have  been 
proposed  to-date  which  relate  the  processing  parameters  with  the  observed  orientation  results,  and 
few  studies  have  been  carried  out  on  the  mechanism  by  which  texture  develops  in  sol-gel  derived 
layers.  This  makes  the  study  of  heterogeneous  nucleation  an  important  issue. 

In  this  paper,  we  report  relationships  between  the  chemical  characteristics  of  different  types  of 
substrates  and  the  preferred  orientations  which  develop  on  crystallization  of  PLZT.  The  results 
indicate  the  types  of  mechanism  by  which  texture  develc^s  for  perovskite  thin  layers. 

EXPERIMENTAL  PROCEDURE 

Preparation  of  Substrates 

Pt  sheet,  (OO.l)sapphire  slices,  and  four  types  of  platinized  silicon  wafers  were  used  as  base 
substrate  materials.  Two  types  of  (l(X))Si  substrates  (referred  to  as  A  and  B)  were  supplied  with 
the  following  thicknesses  for  Pt/Ti/Si02:  A;  300/20/500  nm  and  B;  1 50/20/500  nm.  Additional 
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Table  1  Substrates  for  PLZT  deposition 


Substrate 

Coating 

Anneal  (650  °C,  30  min,  air) 

h 

No 

No 

(OO.DAbOy 

No 

No 

(00.1)Al203 

Pt  (300  nm) 

Yes  and  No 

(00.1)Al203 

Pt/Ti  (300/100  nm) 

Yes  and  No 

A  [Pt/ri/SiC2/(100)Si 

No 

Yes  and  No 

B  [Pt/Ti/Si^(l(»)Si 

No 

Yes  and  No 

B  lPt/Ti/SiO2/(100)Si 

TiO2(-10nm) 

Yes 

C[Pt/Ti/Si(^Un)Si 

No 

Yes  and  No 

Clft/Ti/Si02/(lll)Sil 

Ti  (-10  nm) 

No 

C[Pt/Ti/Si02/(lll)Sil 

Ti(>2  (-10  nm) 

No 

D(Pt/Ti/(lll)Sil 

No 

Yes  and  No 

substrates,  Pt^i/Si02/(1 1  l)Si  and  Pt^i/(Ul)Si  (referred  to  as  C  and  D,  respectively)  were 
obtained  with  thicknesses  of  300/100/300  nm  ftx'  C  and  300/100  nm  for  D.  Additional  coatings  of 
Pt,  Ti.  Pt/Ti  or  Ti02  were  also  deposited  onto  the  surfaces  of  the  substrates  as  indicated  in  Table  1. 
Pt  and  Ti  layers  were  deposited  by  electron-beam  evaporation;  and  Ti02  by  a  mctallo-organic 
decomposition  method,  i.e.,  by  spin-coating  a  O.OS  M  solution  of  titanium  isopropoxide  in 
isopropanol,  followed  by  heat-treatment  at  300  °C.  Since  Ti  has  a  hexagonal  close-packed 
structure  and  Pt  a  face-centered  cubic  structure,  Ti  should  develop  with  a  preferred  (00.1) 
orientation  and  Pt  layers  with  a  preferred  (111)  orientation.  However,  the  substrates  were  not 
heated  during  initial  deposition,  and  epitaxy  would  not  develop  (even  on  sapphire).  Annealing  of 
the  configured  substrates  was  investigated  prior  to  sol-gel  deposition.  The  substrates  were 
characterized  by  X-ray  diffraction  (XRD),  Auger  electron  spectroscopy  (AES),  scanning  electron 
microscopy  (SEM)  and  transmission  electron  microscopy  (TEM). 

Preparation  of  PLZT  Thin  Lavers 

PLZT  compositions  (7.5-8.0/70/30)  near  the  morphotropic  phase  boundary  were  prepared 
according  to  Budd's  method,^  with  the  exception  that  lead  acetate  trihydrate  was  previously 
dehydrat^  in  vacuum  at  100  °C  for  20  hours  before  preparation  of  the  lead  precursor  solution. 
The  elimination  of  water  was  confirmed  by  FTIR  analysis.  Lead  acetate  was  dissolved  in 
methoxyethanol,  refluxed  for  one  hour,  and  distilled  under  vacuum.  Titanium  isopropoxide, 
zirconium  n-propoxide  and  lanthanum  isopropoxide  were  dissolved  in  methoxyethanol  and  the 
solution  was  refluxed  and  thermally  distilled.  The  two  precursor  solutions  were  combined, 
refluxed  and  distilled.  Partially  hydrolyzed  solutions  were  aged  for  one  day  prior  to  spin-casting 
onto  substrates  at  3000  rpm  for  50  s.  After  each  deposition,  the  coated  substrates  were  placed  on  a 
hot  plate  at  300  °C.  Specimens  with  five  to  ten  deposited  layers  were  later  heat-treated  in  a  box 
furnace  between  500-800  °C  for  1  -30  min  in  air  ex’  oxygen.  The  typical  thickness  for  a  PLZT  layer 
was  0.3  pm.  PLZT  layers  deposited  on  annealed  substrates  were  compared  with  those  deposited 
on  unannealed  substrates.  Two  types  of  heating  rates  were  used,  i.e.,  fast  (>  1000  °Cymin)  and 
slow  (20  °C/min).  The  thermal  processing  conditions  were  varied  and  related  to  microstructure 
development  and  texture.  The  latter  were  characterized  by  XRD,  SEM  and  TEM  methods. 

RESULTS 

Charaaerization  of  Substrates 

Observations  in  the  SEM  indicated  the  grain  size  and  surface  roughness  increased  with 
annealing  temperature  for  Pt  on  A-type  substrates,  i.e.,  Pt/Ti/Si02/Si.  Figure  1  gives  XRD  data 
obtained  for  (1 1  l)Pt,  which  shows  the  diffraction  angle  sharpened  and  shifted  to  a  higher  value 
with  increasing  annealing  temperature.  The  shift  in  peak  angle  started  at  400  °C,  and  saturated 
above  550  °C,  for  30  minute  anneals.  The  d-spacing  for  (11  l)Pt  shifted  from  2.26^9  A  to  2.252- 
4  A,  which  is  similar  to  2.254  A,  the  d-spacing  for  (00.4)Pt3Ti  (in  the  Ni3Ti  structure).  Figure  2 
gives  AES  data  which  indicates  Ti  transpext  through  the  ft  layer,  and  oxidation  at  the  surface,  after 
heat  treatment  at  650  °C  for  30  min  in  air.  The  results  agree  with  the  observations  of  Bruchhaus  et 
al.'®  and  Olowolafe  et  al."  Figure  3  gives  TEM  photographs  of  the  platinized  layer,  before  and 
after  annealing.  The  grain  size  increas^  from  20-60  nm  to  50-100  nm,  and  became  more  uniform 
with  equiaxed  shape.  EDAX  verified  the  ft  grains  did  not  contain  any  Ti  before  annealing.  Small 
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Annealing  teinperature(°C)  Depth  (nm) 

Fig.l  XRD  data  for  the  (111)  Pt  electrode.  Rg.2  AES  of  A  substrates  (a)  before  and 

(b)  after  annealing  at  6S0  °C  for  30  min. 


light  grains,  10-20  nm  in  size,  appeared  at  triple  points  after  annealing,  and  were  found  to  contain  a 
signiflcant  amount  of  Ti  as  well  as  Pt.  Electron  diffraction  analysis  in  the  TEM  was  consistent 
with  one  set  of  diffraction  rings  for  pure  Pt  on  unannealed  specimens.  After  annealing,  the 
diffraction  pattern  consisted  of  a  set  of  rings  which  were  slightly  shifted  from  that  of  Pt,  with  the 
inclusion  of  an  additional  set  of  rings.  The  d-spacings  for  the  shifted  set  of  rings  correspond  to 
Ni3Ti-type  Pt3Ti  and  Cu3Au-type  Pt3Ti,  though  only  one  type  of  weak  superlattice  spot  was 
detected.  The  additional  set  of  rings  was  attributal  to  rutile. 

Examination  of  the  B-type  substrate,  with  the  thinner  Pt  layer  (150  nm),  unexpectedly  detected 
Ti  present  in  the  layer  prior  to  annealing.  The  d-spacing  for  Pt  (1 1 1)  was  2.243-4  A  by  XRD, 
which  corresponds  to  2.244A  for  (111)  in  the  Cu3Au-type  structure.  This  suggests  the  B-type 
substrate  was  prepared  at  a  higher  temperature  than  the  A-type  substrate,  with  Ti  diffusion  into  R. 
After  annealing  at  650°C  for  30  min  the  peak  also  shifted  to  2.253  A  for  the  B-type  substrate. 

Characterization  of  PLZT  Thin  Lavers 

XRD  confirmed  PLZT  layers  crystallized  into  the  perovskite  structure  when  heat-treated  above 
650  °C,  regardless  of  the  type  of  substrate  used,  except  when  deposited  onto  D-type  substrates 
(Pt/Ti/Si)  —  where  poor  crystallinity  and  random  orientations  occurred.  Table  11  lists  preferred 
orientations  in  terms  of  XRD  peak  height  ratios,  (100)/(1 10)/(1 1 1).  Layers  crystallized  on  Pt  sheet 
had  a  random  orientation,  with  a  XRD  pattern  close  to  perovskite  powder.  XRD  patterns  for  fast- 
fired  PLZT  on  unannealed  and  annealed  A-type  substrates  are  given  in  Fig.  4.  The  layers  exhibit  a 
strong  preferred  orientation,  with  (100)  growth  on  unannealed  substrates,  and  with  (1 1 1)  growth 
on  annealed  substrates.  Layers  fired  at  a  slow  rate  (20°C/min)  had  a  preferred  (111)  orientation, 
even  on  unannetded  substrates.  TEM  examination  determined  that  the  layers  were  comprised  of 
columnar-type  perovskite  grains,  with  a  diameter  of  0.1 -0.2  micron  at  the  base,  and  with  a  surface 
coating  of  nanocrystalline  pyrochlore  grains  on  the  top.  The  surface  layer  was  Zr-rich  and  Pb- 
deficient,  in  agreement  with  the  results  of  Tuttle  ei  al.*^  Microciystallites  containing  Pb  and  Ti 


Fig.3  TEM  of  Pt  on  A-type  substrates  (a)  before  and  (b)  after  annealing  at  650  °C  for  30  min. 
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C[Pt/Ti/Si02/Si),  annealed 

Ti/C[Pt/Ti/Si02/Sil 

Ti02/C[Pt/Ti/SiC>2/Si| 


13/10/77 

8/28/64 

45/10/45 


20  30  40  50  60 

26  (deg) 

Fig.4  XRD  for  PLZT  layers  on  (a)  unannealed 
and  (b)  heat-treated  A-type  substrates. 


were  detected  under  the  Pt  electrode  layer,  and  the  lattice  parameters  were  similar  to  PbTi307. 
PLZT  layers  on  C-type  substrates  showed  the  same  type  of  preferred  orientation  previously 
observed  on  A-type  substrates  (i.e.,  (100)  before  annealing  and  (1 1 1)  after  heat-treatment).  B-type 
substrates  had  a  strong  tendency  for  (1 1 1)  preferred  orientation  even  without  annealing.  Previous 
characterization  data  indicated  Ti  present  in  the  as-supplied  Pt  layers. 

Figure  5  gives  XRD  data  for  PLZT  on  unannealed  C-type  substrates,  with  and  without,  a  thin 
Ti  layer  (10  nm)  on  the  top  of  the  Pt  electrode.  PLZT  layers  on  unannealed  Ti/C-type  substrates 
had  a  preferred  (111)  orientation,  whereas  layers  on  conventional  C-type  substrates  had  a  strong 
(100)  orientation.  PLZT  layers  on  TiC>2/C-type  substrates  show^  both  (100)  and  (111) 
orientations,  and  had  a  minor  phase  of  PbTiOs.  A  TiOa  coating  on  top  of  unannealed  B-type 
substrates  was  found  to  change  the  preferred  onentation  direction  from  ( 1 1 1 )  to  ( 1 00). 

XRD  data  for  PLZT  on  Pt/Ti/AliOy  indicated  a  strong  preferred  (111)  orientation  whereas 
layers  crystallized  on  Pt/Al203  did  not  show  any  substantial  effect,  as  shown  in  Fig.  6  and  Table 
II.  Annealing  of  Pt/Ti/Al2(53  substrates  increas^  the  preferred  (1 1 1 )  orientation.  XRD  of  PLCT 
thin  layers  crystallized  directly  on  a  (00.1)  sapphire  indicate  a  shaip  perovskite  (111)  peak.  This 
was  attributed  to  epitaxial  growth  on  the  single  crystal.  The  dimensional  m'smatch  was  4.5  %. 


DISCUSSION 


The  results  indicate  PLZT  always  crystallized  with  a  preferred  (1 1 1 )  orientation  whenever 
Ti  was  present  on  the  Pt  surface.  However,  for  a  pure  Pt  surface,  PLZT  crystallized  in  a  preferred 
(KW)  orientation  or  with  random  orientation.  The  effect  were  strikingly  demonstrated  for 


26 (deg) 


26  (deg) 


Fig.5  XRD  for  PLZT  on  unannealed  C-type  Fig.6  XRD  for  PLZT  layers  on  heat-treated  (a) 
substrates  (a)  with,  and  (b)  without,  Ti  on  Pt.  Pt/Ti/Al203  and  (b)  Pt/Al203  substrates. 
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annealing  studies  on  A-  and  C-lype  substrates  where  the  preferred  orientation  could  be  changed 
from  (100)  to  (1 1 1)  by  heat- treatment.  Diffusion  of  Ti  to  the  Pi  surface  is  thought  to  be  important 
for  preferred  (111)  cxientadon.  Figure  7  illustrates  atomic  configurations  for  Pt  and  Ti  atoms  in  the 
Pt3Ti  structure  (for  the  (11 1)  plane  in  the  Cu3Au-type  structure,  or  the  (00.1)  plane  in  the  Ni3Ti- 
type  structure).  By  comparison  with  the  (1 1 1)  pla'^c  in  the  perovskite  structure,  the  Ti  locations 
are  within  4  %  lattice  match.  Formation  of  inte.metallic  Pt3Ti  compounds  would  reduce  the 
interfacial  energy  between  the  electrode  and  the  perovskite  layer,  thus  favoring  the  epitaxial 
nucleation  and  growth  of  (111)  perovskite  planes  parallel  to  the  substrate.  Inferred  (111) 
orientations  can  therefore  be  attributed  to  epitaxial  nucleation  and  growth.  Preferred  (111) 
orientation  was  also  dominant  for  PLZT  layers  crystallized  on  Pt/ri/Al2C)3  substrate.  However, 
random  orientation  occurred  on  pure  Pt  on  AI2O3.  This  is  attributed  to  the  relatively  inert  surface 
of  Pt  to  oxides  and  the  lack  of  epitaxial  nucleation  and  growth  sites.  Thus,  random  orientations 
develop  by  competitive  heterogeneous  and  homogeneous  mechanisms. 

Another  type  of  preferred  orientation  can  occur  for  a  flat-face  growing  in  a  certain  direction 
with  a  minimum  surface  energy.'^  The  preferred  orienution,  where  the  plane  with  the  lowest 
surface  energy  grows  parallel  to  the  substrate,  is  termed  a  self-structure.'^  An  F  -face,  or  a  flat 
face,  is  the  crystallographic  face  which  contains  two  or  more  Periodic  Bond  Chains  (PBC)  — 
which  are  defined  as  an  uninterrupted  array  of  the  strongest  bonds  between  the  builiing  blocks  in 
the  structure. *5  The  Ti(Zr)-0  bond  array  is  a  P  •  J  for  the  perovskite  structure.  The  MOO)  plane 
contains  two  PBCs  so  it  is  an  F-face  for  growth.  We  have  made  calculations  baseo  upon  the 
broken-bond  model,  using  dissociation  energies  for  PbO,  TiC)2  and  Zr02  as  reference  data  for 
bonding  energies,  and  determined  the  lowest  surface  energy  to  be  for  the  (100)  face.  A  supportive 
consideration  is  that  perovskite  single  crystals  can  be  grown  in  cubic  form  with  (100)  facets  — 
because  the  (100)  planes  are  the  slowest  growing  planes,  i.e.,  F-faces.  Therefore,  a  (100)  plane  is 
preferred  in  aon-epitaxial  textured  growth,  and  was  observed  in  the  present  work  whenever  PLZT 
thin  layers  were  crystallized  on  unannealed  A-  and  C-type  substrates.  Wu  et  al.'*  reported  highly 
(100)  oriented  sputter-deposited  PLZT  thin  layers  on  amorphous  Si02.  This  type  of  growth  —  off 
a  featureless  amorphous  surface  —  can  be  attributed  to  the  minimum  energy  F-face  model.  (100) 
self-textured  growth  can  also  occur  when  randomly-oriented  heterogeneous  nuclei  form  on  a 
substrate  and  the  (100)  plane  overgrows  all  others.  Kushida  et  al.'^  sputter-deposited  PbTi03  on  a 
(100)  SrTi03  single  crystal  patterned  with  Pt  and  observed  the  overgrowth  of  epitaxial  (100) 
PbTi03  layer  over  randomly  oriented  polycrystalline  grains  c  Pt.  Another  important  feature  of  the 
(100)  plane  in  the  perovskite  structure  is  that  the  planes  containing  A'’’^  and  B*^  ions  construct  an 
alternate  layered  structure  with  A+2  and  B*^  ions  on  different  planes.  Layered  structures  are 
favored  when  one  of  the  ionic  species  is  deficient,  e.g.,  for  Pb  loss  to  the  atmosphere  or  by 
interfacial  reaction  with  the  substrate,  TEM  examination  identified  PbTi307  under  the  Pt  electrode, 
giving  rise  to  Pb  deficient  conditions  at  the  interface  for  heterogeneous  nucleation  sites.  This  could 
be  induced  for  PLZT  thin  layers  crystallized  on  Ti02/B-type  substrates,  where  Pb  deficiency 
would  lead  to  the  preferred  (100)  orientation.  This  type  of  self  texture  was  reported  for  sputter- 
deposited  LiNb03  on  R-cut  sapphire  by  Fujimura  et  i,'*  In  their  work,  Li-deficient  conditions 
resulted  in  (01.2)  LiNb03  epitaxial  film  formation  rather  than  (10.0)  LiNb03  growth,  which  has  a 
better  lattice  match  with  the  substrate  and  should  exclusively  form  under  Li-sufficient  conditions. 
Li  and  Mb  ions  form  an  alternating  layered  structure  in  the  direction  normal  to  the  (01 .2)  plane  in 


Fig.  7  Configurations  for  (a)  the  ( 1 1 1 )  plane  for  Cu3Au-type  Pt3Ti  and  the  (00. 1 )  plane  for  Ni3Ti- 
type  Pt3Ti,  and  (b)  the  (1 1 1)  plane  for  perovskite  PLZT. 
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LiNt)03,  which  is  favored  under  Li-deficient  conditions. 

The  heating  rate  dependence  for  orientation  effects  reported  by  Okuwada  et  al.  for  PMN,  and 
also  observed  in  the  present  work  for  PLZT,  can  be  attributed  to  competitive  processes  between 
epitaxial  and  self-textured  growth  and  is  related  to  Ti  diffusion  through  the  fh  layer.  For  slow 
heating  rates.  Ti  diffuses  through  and  forms  PtyTi  at  the  interface  for  epitaxial  crystallization  of 
perovskite.  The  diffusion  temperature  for  Ti  is  lower  than  the  crystallization  temperature  for 
perovskite.  Thus,  we  can  attribute  the  formation  of  preferred  (ill)  orientations  due  to  the 
coexistence  of  Ti  at  the  interface  between  Pt  and  PLZT.  However,  a  preferred  (100)  orientation, 
on  the  other  hand,  can  be  attributed  to  self-textured  F-facc  growth  of  the  lowest  surface-energy 
face  and  is  favored  under  lead-deficient  conditions. 

CONCLUSIONS 

PLZT  was  crystallized  in  the  perovskite  structure  with,  either  a  preferred  (100)  orientation  or,  a 
(111)  orientation,  through  control  of  the  surface  chemistry  between  the  Pt  and  the  PLZT  layer.  A 
preferred  (111)  orientation  was  always  obtained  when  the  Pt  layer  had  Ti  on  the  surface.  PLZT 
crystallized  in  the  (1 1 1)  direction  by  heteroepitaxial  nucleation  and  growth  off  PtyTi  crystallites.  In 
addition,  a  preferred  (1(X))  orientation  could  be  obtained  off  Ti-free  surfaces  for  unannealed 
Pt/Ti/SiOn/Si  substrates.  This  is  considered  to  be  self-textured  growth,  in  accordance  with 
minimum  surface  energy  conditions,  for  flat-faced  surfaces.  The  results  for  TiC>2/Pt/Ti/Si02/Si 
substrates  indicate  Pb-deficient  conditions  favor  self-textured  (100)  growth. 
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SOLUTION  CHEMISTRY  OPTIMIZATION  OF  SOL-GEL  PROCESSED  PZT  THIN  FILMS 


STEVEN  J  LOCKWOOD,  R  W  SCHWARTZ,  B  A  TUTTLE,  AND  E  V  THOMAS 
Sandia  National  Laboratories,  Albuquerque,  NM  87185 


ABSTRACT 

We  have  optimized  the  ferroelectric  properties  and  rmcrostructural  characteristics  of  sol-gel 
PZT  thin  films  used  in  a  CMOS-integrated,  256  bit  ferroelectric  non-volatilc  memorv  The  sol-gel 
process  utilized  in  our  work  involved  the  reaction  of  Zr  n-butoxide,  Ti  isopropoxidc,  and  Pb  (IV) 
acetate  in  a  mcthanol/acctic  acid  solvent  system  A  10-factor  screening  expenn  ^nt  identified 
solution  concentration,  acetic  acid  addition,  and  water  volume  as  the  solution  chemistry  factors 
having  the  most  significant  effects  on  the  remanent  polarization,  coercive  field,  ferroelectric  loop 
quality,  and  microstructural  quality  The  optimal  values  for  these  factors  were  detenmned  by 
running  a  3-factor  uniform  shell  design,  modelling  the  responses,  and  testmg  the  models  at  the 
predicted  optimal  conditions  The  optimized  solution  chemistry  generated  3-laycr,  300-400  nm 
thick  films  on  Ru02  coated  silicon  substrates  with  coercive  fields  of  less  than  25  kV/cm  (a  40-50 
%  improvement  over  the  original  solution  chemistry),  a  remanent  polarization  of  25-30  pC/cm.  and 
a  reduction  in  the  pyrochlorc  phase  content  below  observable  levels 

INTRODUCTION 

PZT  thin  films  are  being  investigated  for  an  increasing  number  of  diverse  applications, 
including  non-volatile  memories,  decoupling  capacitors,  optical  storage  devices,  and  PRAMs  [l- 
4],  Sol-gel  processing  is  proving  to  be  a  powerful  technique  for  generating  these  films  with  the 
required  tailored  properties  However,  there  is  still  a  very  large  gap  in  our  understanding  of  the 
cause  and  effect  relationships  between  the  solution  chemistry  and  the  resulting  ferroelectric 
properties.  This  is  due,  in  large  part,  to  the  complexity  of  the  sol-gel  chemistry  as  well  as  the 
complexity  of  the  physical  transformation  of  the  sol  to  the  crystalline  film.  Studies  of  the  solution 
chemistry  effects  in  our  system  utilizing  alkoxide/acetate  precursors  in  mcthanol/acctic  acid  have 
provided  a  better  understanding  of  what  reactions  are  occurring  and  how  reaction  byproducts  are 
an  important  factor  in  controlling  reaction  equilibria  and  rales  (5,6)  Yet  even  with  this 
information,  we  are  not  yet  able  to  accurately  predict  how  to  manipulate  the  processing  factors  or 
chemical  reactions  to  produce  desired  ferroelectric  properties. 

One  approach  to  building  this  understanding  is  to  systematically  evaluate  the  solution 
chemistry  factors  and  develop  models  relating  ferroelectric  properties  to  these  factors.  The  work 
described  below  is  in  support  of  a  program  to  build  a  256  bit  ferroelectric  non-volatile  memory 
The  sol-gel  process  employed  in  this  work  utilized  Zr  and  Ti  alkoxides  and  PbflV)  acetate  in  a 
mcthanol/acctic  acid  solvent  system.  An  improvement  in  coercive  field  (to  meet  voltage  operating 
requirements)  and  in  PZT  microslructurc  (to  achieve  the  required  yield  for  5pm  x  5pm  capacitors) 
was  the  goal  of  this  study. 

The  initial  phase  of  the  study  involved  screening  a  number  of  solution  chemistry  and 
processing  factors  to  identify  those  having  the  greatest  impact  on  properties  This  was  followed  by 
a  statistical  experimental  design  which  generated  data  for  modelling  the  various  responses.  The 
models  were  then  tested  and  an  optimized  solution  chemistry  was  identified 
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EXPERIMENTAL 

Solution  Synthesis.  Film  Fabncation,  and  Elcclncal  Propcrtv  Characlerizalion 

The  Inverted  Mixing  Order  proeesx,  employed  in  this  study,  is  a  modirication  of  the  process  of 
Yi,  Wu,  and  Sayer  [7|  in  which  the  order  of  precursor  addition  has  been  reversed  All  films  were 
53:47  compositions  with  10%  excess  Pb  The  process  flow  diagram  is  shown  in  Figure  1  PZT 
films  were  deposited  on  silicon  substrates  with  Ru02  bottom  electrodes  by  spin  coating  for  30  sec 
Film  thicknesses  varied  from  0  1  to  0  it  pm,  depending  on  the  number  of  layers,  the  solution 
concentration,  and  the  spinner  speed  Individual  layers  were  heat  treated  at  3 1 0'’C  for  3  min  to 
decompose  the  residual  organics  The  films  were  crystallized  at  675°C  for  30  min  (5U°C/min  ramp 
rate)  in  ambient  air  Ferroelectric  properties  were  measured  on  a  Radiant  Technologies  RT66A 
operated  in  virtual  ground  mode  with  an  applied  field  of  250  kV/em 

Zr  n-butoxkJe  - ^  i  - Ti  i-propoxide 


T 

Acetic  Acid 

5  min 

T 

Methanol 

5  min 

T 

Pb(IV)  Acetate 

5  min 

Metimnol 

Heat 

Acetic^cid 

2  min 

T 

Methanol 

2  min 

▼ 

Acetic  Acid 

2  m»n 

T 

Water 

T 

Filter 

2  min 

Dilute  to  Volume 


Figure  1.  The  IMO  Process 

Plackett-Burman  Screening  Study 

Ten  factors  (eight  solution  chemistry,  two  film  deposition)  were  initially  identified  as 
potentially  having  significant  effects  on  material  properties  To  fully  model  this  number  of  factors 
would  require  well  wer  100  experiments.  To  reduce  this  task  to  a  manageable  level  it  was 
necessary  to  screen  the  factors  to  identify  those  having  the  greatest  impact  on  the  desired 
responses.  A  modified  Plackett-Burman  screening  design,  requiring  only  15  experiments,  was 
employed  [8|.  Table  I  lists  the  factors,  the  range  of  factor  levels,  and  for  comparison,  the  nominal 
values.  The  range  of  design  values  was  chosen  to  be  as  wide  as  technically  reasonable,  and  if 
possible,  to  bracket  the  nominal  values 

Response  Surface  Modelling 

From  the  screening  study  three  factors  were  identified  as  having  significant  effects  on  several 
of  the  measured  responses.  A  three-factor  uniform  shell  design  was  chosen  (see  Figure  2  for  a 
graphical  representation)  [9].  This  allowed  for  either  a  Main  Effects  +  Interaaions  (ME+1)  model 
or  a  Quadratic  model  to  be  fitted  to  the  data.  The  center  point  of  the  design  was  tun  in  triplicate. 
All  other  factors  were  set  to  their  nominal  values. 
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Table  1  Plackctt-Bunnan  Screening  Design  Factors 


Variable 

Screening  Values  (Low  or  High) 

Nominal  Value 

Zr/Ti  Reaction  Time 

0  or  15  mm 

5  min 

Acetic  Acid  Amount 

'A  or  2  times  nomind 

4;  I  HOAc  to  Zr+Ti 

Acetic  Acid  Reaction  Time 

C  or  15  min 

5  min 

Solution  Concentration 

0  4  or  0  8  M 

0  4  M 

Pb  Dissolution  Temperature 

75  or  100“C 

75°C 

Refluxing 

No  or  Yes 

No 

Post-dissolution  Acetic  Acid 

0  or  10  mL 

10  mL 

Water  Volume 

0.5  or  5  mL 

2mL 

Number  of  Film  Layers 

2  or  4 

4 

Spitmer  Speed 

\  OOO  or  6000  rpm 

3000  rpm 

Figure  2.  Uniform  Shell  Design  for  3  Factors 
RESULTS  AND  DISCUSSION 
Plackett-Burman  Screening  Study 

The  value  of  a  screening  design  is  that  the  effects  of  a  large  number  of  factors  can  be  evaluated 
with  relatively  few  experiments.  However,  there  is  a  trade-off.  The  results  from  the  screening 
design  are  confounded;  that  is,  the  main  effect  (the  effect  of  a  single  factor)  and  interactions 
(effects  produced  by  the  synergism  or  antagonism  of  two  or  more  factors)  are  combined.  The 
simplifying  assumption  invoked  (and  it  is  generally  valid)  is  that  main  effects  will  dominate. 

Table  II  summarizes  the  results  of  the  screening  study  Six  of  the  ten  factors  had  statistically 
significant  effects  on  one  or  more  of  the  responses.  Several  of  the  responses  showed  no  measurable 
dependence  on  any  of  the  factors.  However,  several  factors  exhibited  strong  effects  on  coercive 
field,  the  ferroelectric  response  we  were  most  interested  in  improving  Three  &aors  (post¬ 
dissolution  acetic  acid,  solution  concentration,  and  water  volume)  were  chosen  for  further  study. 
These  factors  also  exhibited  statistically  significant  effects  on  several  of  the  other  responses. 
Looking  at  the  direction  of  effects  for  the  three  major  factors  it  can  be  seen  that  the  desired 
direction  of  change  is  antagonistic  among  the  responses  For  example,  to  improve  coercive  field 
(i.c ,  lowering  the  value)  the  model  requires  increasing  the  solution  concentration  However,  the 
models  for  loop  quality  (higher  values  are  associated  with  higher  quality),  P^,  and  capacitor  Weld 
all  require  decreasing  solution  concentration  to  improve  those  properties  Clearly  the  optimized 
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conditions  will  be  a  compromise  and  therefore  arc  not  readily  predictable  w  ithout  a  more  detailed 
examination  of  their  effects  and  possible  interactions 

Table  II.  Summary  of  the  Plackctt-Burman  Screening  Study 


Oecreasing 
Importance 
of  Factor 
i 


Decreasing  Fit  to  the  Model  -» 


Coercive  Field 

Loop  Quality 

Remanent  Polar 

tgBMJIMi'JUMi 

Post  HOAc  (-) 

Post  HOAc  (-) 

Post  HOAc  (-) 

Sol'n  Cone  (-) 

Sol'n  Cone  (-) 

Sol'n  Cone  (-) 

H  of  Lavers  (+) 

Water  Vol.  (-) 

ISBWWBSfiBStBI 

Sol'n  Cone  (-) 

Initial  HOAc  (+) 

Water  Vol  (-) 

Initial  HOAc(-) 

Note:  The  sign  associated  with  the  factor  indicates  the  direction  of  the  effect  from  the  low  level  to 
the  high  level  (e  g  ,  a  "Sol'n  Cone.  <-)"  indicates  that  the  numerical  value  of  the  response  decreases 
from  0  4  M  to  0  8  M) 

Response  Surface  Modelling 

A  three-factor  uniform  shell  design  was  performed  to  study  the  effects  of  solution 
concentration,  the  post-dissolution  acetic  acid  amount,  and  the  water  volume  in  more  detail  Table 
III  lists  the  range  of  values  measured  for  the  responses  The  bottom  row  of  the  table  gives  the 
values  for  the  nominal  composition  No  individual  design  run  had  the  best  value  for  all  responses, 
but  several  compositions  yielded  responses  that  were  each  individually  superior  to  those  of  die 
nominal  composition. 


Table  III.  Summary  of  the  3-Factor  Uniform  Shell  Design  Results 


m 

Ec 

(kV/cm) 

Vc 

(V) 

Capacitor 

Yield 

(%) 

Microstnic. 
Qualify 
(0  -5)‘ 

Loop 

Quality*’ 

0-78.9 

26.1  -200-*- 

0.96  -  4.97 

0-100 

0-5 

0-  105 

Nominal 

23-30 

45-50 

40-45 

1.5 -2.0 

90  -  100 

3 

40 

*  0  (poorly  defined)  to  5  (fully  dense  microstruclure  with  1-5  pm  rosettes) 

A  figure  of  ment  to  quantify  hysteresis  loop  quality  using  Pp  Pj,  and 

Two  models  were  fitted  to  the  data  An  ME+I  model  allows  for  simple  response  surfaces.  The 
quadratic  model  allows  for  more  complex  response  surfaces,  including  curvature.  As  an 
illustrative  example,  the  coercive  field  models  are  presented  below  All  the  other  models  had 
similar  shaped  response  surfaces. 

Main  Effects  +  Interactions  Model 

E<;  =  102. 1-1-35. 6*Xi  -86.0*X2  -i-4.4*X3  -i- 9.6»  Xj  •X2  -t  0.8»  X)  *  Xy  -9.7*X2*X3  (1) 
Quadratic  Model 


Ec  =31.7  +  35.6*Xi  -  86.0*X2  -t4.4*'X3  +9.6»X|»X2  -t 0.8*Xi  •X3  - 9.7* X2 •  X3 
-1-36. 1* Xj -t 42.9* X^ -t- 44. 1*X^ 

Where  Xj  =  Acetic  Acid,  X2  =  Solution  Concentration;  X3  =  Water  Volume 
in  normalized  design  units  (-1  to  +1). 

From  inspection  of  the  models  it  can  be  seen  that  solution  concentration  is  the  dominant  factor 
in  determining  E^.  Solution  concentration  is  the  dominant  term  in  all  of  the  other  response  models. 


279 


as  well  To  determine  the  optimal  composition  a  grid  search  program  was  run  with  entena  set  for 
each  response  A  "sweet  spot",  a  composition  or  compositions  meeting  all  entena,  was  identified 
from  each  model  (see  Table  IV). 


Table  IV  Criteria  and  "Sweet  Spots”  for  Each  Model 


Criteria  for  selecting  "sweet  spots": 

Pr  S  25  pC/cm^  P5>40pC/cm^  '^^OStolSV  E,.  1 0  to  40  k  V/cm 

Capacitor  Yield  >  99  %  Microstnictural  Quality  S  4  Loop  Quality  >  50 


Main  Effects  +  Intcracticms 

Quadratic 

Post  Dissolution  Acetic  Acid 

0-4  mL 

5  -  lOmL 

Solution  Concentration 

0.50  -  0  54  M 

0  56  M 

Water  Volume 

0-6  mL 

9  -  10  mL 

Common  between  the  models  is  the  higher  solution  concentration,  but  as  might  be  expected,  it 
is  not  at  the  maximum  value  of  the  modelled  space  Acetic  acid  ranged  from  zero  up  to  the 
nominal  composition  volume.  The  water  voluitrc  covered  the  entire  design  space,  but  both  "sweet 
spot"  regions  favored  water  volumes  greater  than  nominal.  To  test  the  models  three  compositions 
were  run;  one  from  the  ME+I  model  and  two  from  the  Quadratic  model  The  compositions  and 
property  results  are  presented  in  Table  V  along  with  the  nominal  composition  for  comparison 


Table  V  Comparison  of  the  Nominal  Composition  with  the  "Sweet  Spots" 


Acetic 

Acid 

(mL) 

Sol'n 

Cone. 

(M) 

Water 

Vol 

(mL) 

Ec 

(kV/cm) 

Vc 

(V) 

Micro 

Quality 

Loop 

Quality 

Nominal 

10 

0.40 

2 

27 

43 

ma 

3 

40 

ME+I 

■iMiM 

5 

26.9 

23.9 

■El 

4 

Quad  1 

10 

25.0 

33.2 

mm 

4 

Quad  2 

5 

0.56 

10 

29.6 

33.0 

mm 

3 

41  4 

All  three  "sweet  spot"  runs  met  the  predicted  criteria  and  were  an  improvement  over  the 
nominal  composition,  particularly  with  respect  to  Ej.  The  ME+I  "Sweet  Spot"  was  the  supenor 
composition,  showing  improvements  over  the  nominal  composition  in  every  measured  response 
except  for  Pf  where  it  maintained  the  nominal  value.  Comparison  of  actual  values  to  the  mrxiel  is 
of  limited  value.  Several  of  the  samples  in  the  original  design  had  extremely  poor  properties  and 
the  measured  values  for  polarization  and  coercive  field  were  quantitatively  meaningless  However, 
these  values  qualitatively  represented  the  responses.  Therefore,  the  models  generated  were 
successfully  used  to  predict  compositional  areas  to  investigate,  rather  than  to  quantitatively  predict 
actual  film  properties. 

As  for  using  the  information  from  this  study  to  develop  a  more  fundamental  understanding  of 
the  solution  chemistry,  some  cautious  conclusions  can  be  drawn.  The  compositions  that 
represented  improved  properties  were  consistent  with  a  solution  chemistry  that  generates  a  denser, 
perhaps  more  highly  crosslinked  structure,  increasing  the  water  volume  would  be  expected  to 
increase  hydrolysis,  generatmg  more  species  for  condensation.  However,  water  is  a  byproduct  of 
some  of  the  condensation  reactions,  and  therefore  excess  water  could  inhibit  condensation.  Similar 
effects  have  been  noted  in  the  PbTi03  system  (10].  With  solution  concentration,  a  higher 
concentration  should  promote  condensation  and  aid  film  dcnsification  by  reducing  the  amount  of 
organic  removal  required.  But  too  high  of  a  concentration  leads  to  film  cracking  and  organic 
removal  problems  The  role  of  acetic  acid  following  the  Pb  dissolution  is  not  well  understood 
Sufficient  acetic  acid  is  added  prior  to  the  lead  acetate  to  completely  chelate  the  Zr/Ti  alkoxidcs 
However,  the  post-dissolution  acetic  acid  may  be  more  than  a  simple  solvent  It  may  be  acting  as  a 
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weak  acid  catalyst  Acid  catalysis  leads  to  linear  polymcnzation  rather  than  crossimkages  in  mane 
sol-gel  systems,  whereas  base  catalysis  generally  promotes  crosslinkmg  1 1 1) 

Some  preliminary  work  has  been  done  to  test  these  ideas  If  crossUnkmg  is  important, 
substitut.ng  a  base  for  the  acetic  acid  at  the  back  end  of  the  process  would  be  expected  to  yield 
improved  films.  When  ammonium  hydroxide  was  used  in  place  of  the  post-dissolution  acetic  acid, 
a  dense  film  microstructure  with  no  observable  pyrochiore  was  generated  However,  the 
ferroelectric  properties  were  only  comparable  to  the  nominal  rXMnposition  The  role  of  solution 
concentration  remains  to  be  resolved  It  may  be  a  physical  eflcct,  a  denser  gel/film  as  a  result  of 
less  soivcnt/organics  Or  the  sol  may  have  a  different  polymeric  structure  due  to  concentration 
effects  on  reaction  cquilibna.  Additional  experimentation  will  be  required  to  resolve  this,  possibly 
by  studying  dilution  and  viscosity  effects. 


CONCLUSION 

A  sol-gel  process  utilizing  alkoxidc  and  acetate  precursors  in  an  acetic  acid/methanol  solvent 
system  was  optimized  to  generate  53/47  PZT  thin  films  with  improved  microstructurc  and 
ferroelectric  properties  Ten  solution  chemistry  and  film  processing  factors  were  screened  for  their 
ability  to  measurably  impact  a  variety  of  responses  The  three  most  statistically  significant  factors 
with  respect  to  coercive  field  (post-dissolution  acetic  acid,  solution  concentration,  and  water 
volume)  were  evaluated  in  greater  detail  using  3-factor  uniform  shell  design  Models  generated 
from  the  data  identified  several  compositions  predicted  to  be  superior  to  the  nominal  composition 
Testing  of  these  models  confirmed  these  compositions  as  superior  Coercive  field  was  reduced 
from  over  40  kV/cm  to  less  than  25  kV/cm.  Pyrochiore  phase  clearly  vis'ble  in  the  nominal 
composition  films  was  no  longer  observable  in  the  optimized  composition  films 
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ABSTRACT 

The  microstructural  evoluti  in  of  lead  liianate  prepared  by  a  sol-gel  method  was  examined 
using  transmission  electron  microscopy  O  E.M)  following  treatments  m  air  ;it  progressively 
higher  temperatures.  TEM  specimens  were  prepared  by  spin  coating  a  film  or  dispersing 
particles  onto  specimen  grids  coated  with  SiOi  or  SiOi  with  a  barrier  layer.  The  effects  of 
different  barrier  materials,  theniial  treatment  conditions,  and  the  addition  of  platinum  panicles 
were  examined.  Lead  titanate  foniied  crystalline  perovskite  at  -55()-6(K)°C  on  all  suppon 
materials  examined.  On  SiOs  suppons,  the  pyrochlore  phase  foniied  at  lower  temperatures  and 
convened  panially  to  perovskite  at  higher  temperatures.  Barrier  layers  of  TiO;,  Al;Or  and 
polyimide  prevented  pyrochlore  fonnalion. 

INTRODUCTION 

Lead  titanate,  PbTiOr  (PT;.  is  a  '.veil-known  ferroelectric  that  is  under  investigation  for 
pyroelectric,  memory,  and  micromechanical  applications.  For  many  devices,  the  ferroelectric 
thin  layer  must  be  integrated  with  a  Si  .semiconductor  by  depositing  and  healing  the  layer  on  Si. 
SiOs,  or  a  platinum  layer  which  is  integrated  with  Si.  Under  some  conditions,  inierdiffusion 
between  the  substrate  and  film  can  degrade  film  properties  and  result  iti  the  foniiation  of 
nonferroelectric  pha.ses  1 1-.J|.  The  ability  to  follow  the  microstructural  changes  tuid  possible 
reactions  with  the  substrate  that  accompany  themial  treatments  of  PT  ihiti  layers  is  of  great 
interest  for  improving  process  compatibility  and  properties. 

TEM  is  an  excellent  method  for  the  study  of  microstructure  developmetit,  especially  w  hen 
cotnbined  with  energy  dispersive  spectroscopy  (EDS)  and  electron  energy  loss  spectroscopy 
(EI;L.S)  for  analysis  of  crystal  structure  and  chemical  composition.  For  a  study  of  microstructure 
evolution,  a  u.seful  specimen  preparation  method  would  involve  depositing  a  coating  directly  onto 
a  special  TEM  grid  that  acts  as  an  electron  transparent  substrate  ctipable  of  being  heated  to 
processing  letnperatures.  In  a  previtnts  study  of  mcxlcl  catalyst  systems.  TEM  satnples  were 
prepared  by  evaporating  the  metal  catalyst  particles  onto  SiOy  and  A1;0',  support  layers  on  TEM 
grids  141.  The  microstructural  evolution  of  the  same  areas  of  the  sample  was  observed  follow  ing 
sequential  heat-treatments  in  different  ttitnospheres.  We  now  repon  on  the  u.se  of  a  similar 
techniviue  to  study  the  evolution  of  sol-gel  derived  thin  layers  tuid  panicles  of  lead  titanate 
following  heat-treatments  in  air  at  different  iemfH;ralure.s. 

EXPERIMENTAL 

Figure  1  outlines  the  methods  u.sed  to  prepare  TE.M  specimens  and  study  microstnicture 
development.  The  procedure  involved  three  stages:  (i)  preparation  of  a  silica  coated  TEM  grid  to 
act  as  a  support,  (ii)  deposition  of  an  alkoxide-based  solution  or  dispersion  of  sol-gel  derived 
particles  onto  the  TE.M  support  grid,  and  (iii)  investigation  of  the  microstructure  by  alternating 
between  heat-treatments  in  a  furnace  and  TE.M  examinations. 

The  TEM  support  grids  were  preptwed  by  a  scries  of  vacuum  depositions  and  thermal 
tretitments.  First,  a  Si  film  (.40()±.SO  A)  was  vacuum  evaporated  onto  ;i  Eomivar  coated  gold 
microscope  grid  (400  mesh,  tabbed  pinpoinier  grid;  Pelco  Co.).  The  Si  cotited  grid  vvas  heated 
in  oxygen  at  g00°C  for  20  hours  to  burn  off  the  Fonnvtir  and  oxidize  the  Si  into  a  unifomt  film  of 
amorphous  Si02  (-600  A).  A  thin  film  of  platinum  (-20  A)  was  then  deposited  onto  half  of  the 
support  grid  by  vacuum  evaporation.  To  disperse  the  film  into  small  I’t  particles,  the  grid  was 
heated  in  hydrogen  at  b.SOT  for  6  hours.  The  SiOs  coating  provides  an  electron  transparent 
support  for  a  sol-gel  layer  and  is  also  capable  of  being  heated  to  high  temperatures  without  a 
change  in  smuclure.  Titania  and  alumina  cotitings  were  preptircd  on  the  SiO;  covered  TFIM  grids 
by  similtu’  methods;  however,  these  layers  were  crystalline  after  oxidation. 

A  PT  methoxyethoxide  solution  was  .synthesiz.eil  according  to  the  procedure  described  by 
Budd  el  al.  15|.  A  precursor  solution  (0.1  M  IT,  0.1  M  FLO.  0.01  M  N'lLOH)  suitable  for 
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Figure  1,  Outline  of  sample  preparation  and  prcK-edure. 


eoaling  was  prepared  and  deposited  onto  the  TKM  support  griil  by  ;i  spin  coaling  method  150  sec. 
2(XK)  rpm).  Panicle  dispersions  were  prepared  by  controlled  reaction  of  the  alkoxide  solution 
w  ith  water.  The  grid  \cas  dried  at  nxwi  teniper.iture  tind  then  .studied  in  the  TFM. 

Ti;.\I  was  perfonned  in  a  Philips  C.M.M)  microscope.  FITS  was  carried  out  in  the 
microscope  using  an  FDA.X  PV9y(K)  spectrometer  to  measure  i|uantitaii\e  chemical  composition, 
FFl.S  was  perfonned  in  the  microscope  using  a  Gatan  mtxlel  (>6()  spectrometer.  To  follow 
microstructure  changes  with  ihemial  treatment,  the  specimens  were  alternately  heated  and 
examined  in  the  TF.VI.  Heat-treatments  were  carried  out  in  a  tulx-  furnace  in  air.  The  specimens 
were  heated  in  stages  at  successively  higher  temperatures  from  d.sO  C  to  701  V'C.  in  steps  of 
.SO-  KKF'C;  each  stage  was  .^0  minute.'  at  tcm|X'rature. 

RESULTS  AND  DfSCUSSION 

11  Development  of  Thin  Laver  Amornhotix  Structure 

Figure  2  show  s  the  TFM  pholomicrogta|)hs  of  a  thin  sol-gel  PT  layer  on  a  Si(7:  support 
grid  heat-tretited  in  stages  up  to  .SiXl'C.  The  microstructures  shown  were  from  a  region  of  the 
support  that  did  not  have  Pi  particles.  In  this  analysis,  the  same  area  of  the  specimen  was 
examined  after  each  heating  as  indicated  by  the  arrows,  which  point  to  the  same  places  in  each 
micrograph.  At  tempertitures  below  .■S(K)'C.  electron  diffraction  showed  thtii  the  P'f  layer 
remained  amorphous.  On  a  fine  level,  microstructures  appeared  to  have  a  slightly  gniiny  texture 
that  became  more  coarse  as  the  temperature  increased.  1  he  most  interesting  fe.itures  present  m 
the  layer  were  circular  areas  of  low  conira.st  that  appear  in  the  tided  stale  ( I-ig.  2A).  These  areas 
decrease  in  size  upon  heating  to  45()’C  (Fig.  2H)  and  completely  disappear  after  heating  at  5(XI  C' 
(Fig.  2Cl.  For  amorphous  materials,  contrast  in  TF.VI  can  come  from  two  possible  sources, 
thicknes,.  and  atomic  number  .  The  low  conira.st  areas  in  our  I  FM  specimens  are  either  thinner 
or  have  a  higher  concentration  of  lower  atomic  number  species  te.g..  Ti  i  than  the  dttrker  areas. 

FFL.S  was  used  to  t]uahtatively  deiennine  the  composition  of  low  and  high  contrast 
features,  and  to  measure  the  specimen  thickness.  EFFS  specir.i  from  Ixith  the  low  ;tnd  high 
coiurtist  tircas  showetl  the  pre.scnee  of  both  Pb  and  Ti.  A  strong  carbon  edge  was  visible  in  all 
areas  of  the  sample  before  healing  and  disap)X'areil  after  the  43trC  heat  treatment.  The  certnnie 
layer  w  as  on  average  4(K)  A  thick  at  the  completion  of  healing  as  detennined  by  analysis  of  the 
FFiLS  data.  Thickness  measurements  on  selected  areas  using  FFLS  showed  that  the  low  contrast 
areas  were  about  1.30-200  A  thinner  than  the  high  contrast  areas. 

FD.S  was  used  to  determine  the  elemental  composition  of  the  low  contrast  areas  comptired 
to  the  entire  .sample.  .Since  the  TFM  samples  are  thin,  the  lateral  spatial  resolution  of  FD.S  is  only 
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Figure  2.  TEM  micrographs  of  a  PT  layer  on  a  Si02  support  with  no  Pi  after  themial  ircaimeni 
stages  of  (a)  drying,  (b)  450°C  for  30  min.,  and  (c)  5l)0"C  for  30  min.  All  micrographs  are  from 
one  specimen  showing  the  same  area. 


slightly  larger  than  the  probe  size  used.  Probe  sizes  as  small  as  ~30  A  were  used,  and  the 
measured  Pb:Ti  ratio  changed  by  less  than  5'3r.  from  the  low  to  high  contrast  areas.  This  is  below 
the  level  of  significance  due  to  uncertainties  in  background  subtraction.  Thinner  areas  could 
fomi  during  drying  from  localized  solvent  evaporation  or  formation  of  discontinuities  due  to  poor 
wetting.  These  dry  ing  induced  artifacts  could  also  result  in  a  build  up  of  PT  coating  in 
surrounding  areas,  accounting  for  the  dtirk  rings  around  the  low  contrast  areas.  Based  on 
obsei  nations  of  sol-gel  derived  PT  panicles  dispers'-d  on  Sif);  supports,  the  disappearance  of 
these  features  after  the  5()()"C  heat-treatment  may  be  tine  to  interdiffusion  between  the  film  and 
the  SiOy  support.  The  addition  of  Pt  particles  has  little  or  no  effect  on  the  amorphous  str  ■  ture 
of  the  lead  titanate  film  under  the  conditions  we  extimined. 

2)  Crystalline  Phase  nevclonnient  of  Thin  Films 

F'igure  3  shows  a  continuation  of  the  microstructure  evolution  shown  in  Fig.  2  for  hettt 
treatments  up  to  1  leating  the  sample  to  5,')()"C'  resulted  in  the  fonitation  of  a  crystalline 
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Figure  3.  TEM  micrographs  and  electron  diffraction  patterns  of  a  PT  layer  on  a  SiO:  support 
with  no  Pt  after  thermal  treatment  stages  of  (a)  50()'C  for  30  min.,  (b)  .‘i50’C  for  .^0  min.,  to 
6(X)‘C  for  30  min,  and  (d)  650"C  for  30  min.  All  micrographs  ar*  from  the  same  specimen  as 
shown  in  Fig.  2. 


phase  which  has  a  cubic  suaicture  (a  =  10..*)  A).  The  electron  diffraction  data  is  consistent  with 
the  pyrociilore  form  of  lead  tiianate,  Pb2Ti206.  This  form  of  PT  wtis  first  described  by  Martin 
|61  fur  glass  ceramic  samples  and  later  found  in  many  sol-gel  derived  lead-based  perovskiies. 
Pyrochlore  does  not  possess  the  desired  dielectric  and  ferrtx’lectric  properties  of  perovskite.  but 
the  pyrochlore  fonn  is  metasiablc  and  will  transfonn  to  perovskiie  with  higher  temperature 
heating  in  many  cases.  The  inicrostructtire  of  the  pyrochlore  in  the  thin  layer  specimen  is  not 
cletuly  defined,  but  the  ring  fomitition  in  the  electron  diffraction  pattern  iiulicates  that  the  grtiin 
size  is  small.  The  perovskite  phase  begins  to  form  upon  healing  lotitKI'C.  as  deiennined  by 
electron  diffraction  d  ig.  3C).  However,  the  pyrtKhlore  phase  is  also  present  with  perovskite. 
When  the  specimen  was  heated  funher  at  bpO  C  for  .3()  minutes  (Fig.  M)),  the  pynxhlore  did  not 
transform  completely  to  perovskite.  Both  phases  are  still  present  after  heating  to  7(X)  and  7,s(f  (' 
(not  shown).  No  other  crystalline  phases  were  found  by  electron  diffraciion,  amorphous  phtiscs 
such  as  lead  silicates  cannot  be  identified  in  the  TEM  the  lack  of  crystalline  TiOs  or  Pb()  at  any 
temperature  supports  the  earlier  conclusion  that  chemical  heterogeneities  do  not  fomi  on  drying 
The  fonnation  and  persistence  of  pyrochlore  in  the  TEM  specimen  can  be  explained  by 
considering  the  effects  of  Si  contamination  and  layer  thickness.  PyrtKhlore  fonnation  is 
observed  most  often  when  films  arc  deposited  onto  tpiartz,  gkiss  or  silicon  substrates.  The 
diffusion  of  Si  from  the  substrate  into  the  lilm  or  Pb  diffusion  into  (he  substrate  has  been  cited  .is 
the  cause  for  pyrochlore  fomiation  on  Si  containing  substrates.  The  effect  of  Si  addition  to 
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Mil  ucl  derived  PI  |)ov\derv  luis  Iven  sUidied  iii  deuiil  In  Wnetu  and  I  raneiv  17|.  I'licv  Kmnd 
lhai  unmodified  P'l’  powders  er\sialli/ed  ilireeily  into  the  perovskiic  phase  at  but  PT  eeK 

modified  with  enen  small  additions  ol  Si  (<2  iiiolc'i  )  loniied  first  into  pyriKlilorc  and  then 
iraiisloniied  either  partially  or  eoinplelely  to  the  perovskite  phase  at  a  hieher  temperature  le  e.. 
65(I‘C  for  10  mole  ‘a  Si  addition).  The  higher  than  ev|x;eted  formation  temperaiare  for 
[K-iovskite  in  the  TliM  s|)eeimens  is  probably  related  to  Si  eomainination.  Verv  thin  lavers  will 
have  an  increased  effect  of  interdiffusion.  Yamagiiehi  also  reported  that  the  fonnution  of 
pyrivhlore  iKcurs  most  easily  in  thinner  films  prepared  from  very  dilute  alkoxivie  solutions  |2|. 
Tensile  stresses  resulting  from  dry  ing  and  erystalli/ation  eould  also  cause  the  less  dense 
pyroehlore  phase  to  be  favored  in  thin  films. 

Several  methovls  have  been  developed  for  avoiding  or  inhibiiing  pyrochlore  foniiaiion  in 
PT-based  sol-gel  thin  films.  Rapid  themial  privessing  is  often  an  effeelive  metluHl  to  avonl 
formation  of  low^  temperature  melastable  phases,  and  also  lo  minimi/e  diffusion  efiecfi  ISf  In  a 
separate  e.xperiment,  we  heated  a  TPM  specimen  vlireclly  to  7(1(1  (.'  after  healing  ,it  4()0'C'  lo 
pyroly/e  organics.  Hoih  py  rivhlore  and  perov  skile  were  lormed  in  ibis  ease:  lluis.  for  very  iliin 
PT  layers  on  SiOy,  the  fonnation  of  the  pyrochlore  [ihase  could  not  be  avoided  by  rapid  heating. 
Platinum  has  also  been  used  to  promote  perovskite  lormalion.  In  our  study.  Pt  particles  did  not 
affect  the  crystalluation  vs.  temperature  Ivhavior  of  le.id  titanate  vv  iiliin  the  .sO'C  resolution  of 
our  esperimeius,  but  they  did  promote  perov  skite  formation  by  epitaxial  growth  |fil. 

Barrier  layers  are  an  effective  means  of  preventing  interdiffusion  and  pyrov  hlore 
formation  1 10,1 1 1.  No  pyrochlore  fonned  w  hen  there  was  a  barrier  layer  of  AhOr  or  TitT: 
between  the  lead  titanate  and  the  SiOj.  Perovskite  formed  on  these  supports  after  ihe  .‘'.Stl’C 
ueatment.  However,  an  intervening  oxide  biu-rier  layer  may  affect  the  final  ferroelectric 
properties  of  the  layer  (e.g.,  dielectric  constant).  We  have  investigated  an  alternative  barrier  lay  er 
technology  in  which  a  polymer  layer  prevents  diffusion  during  crystallization  and  is  then 
pyrolyzed. 


l  igure  4.  TPM  microgra|ihs  of  sol-gel  derived  IT  particles  on  a  SiOy  support  after  tliennal 
ireatmeiits  of  (a)  .s.sO’C'  for  .TO  min.,  (b)  (i(K)"C  for  (lO  min.  (a)  is  from  a  sample  with  no 
polyimide  and  (b)  had  a  poly amide  diffusion  barrier  layer. 
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rijiuix*  4  sIh'WS  llic  (.'Heels  ot  a  polyimicic  layer  on  the  ery  stalli/alion  ot  small  panieles  of 
lead  lilaiiale  on  a  SiOj  support  Small  panieles  were  used  instead  of  thin  tllms  in  order  to  eleaiK 
demonstrate  the  effeets  ol  reaetions  with  the  support.  The  polyimide  layer  inhibited  re.ietion 
between  lead  titanate  and  SiO:.  When  no  barrier  layer  is  used  (I-ig.  4A).  the  interaeti(.in  results  in 
the  fonnation  of  holes  in  the  SiOy  support  adjaeeiit  to  every  partiele.  When  this  sample  i  w  iihoiii 
polyimide)  ss as  heated  to  6(X)*C,  the  1  T.M  speeimen  was  eomplctely  de.stroyed.  When  a 
polsimide  diffusion  barrier  was  present  ll  ie.  4B),  panieles erystalli/e  without  interaetiori  with 
the  .Si(4>  su()pori.  Another  advantage  of  a  barrier  layer  was  that  no  pyrtvhlore  is  formed.  .Alter 
lead  titanate  erysiallizes  into  perovskite,  it  wdl  not  Uansfonn  into  pyiiK'lilore  and  appears  to  base 
less  reactivity  w  ith  SiO;.  TliLS  show  ed  that  (here  vs  as  no  carbon  or  iiitrotten  remaining  on  the 
sample,  indicating  that  the  polyimide  layer  wt  s  completely  pyroK  /ed,  leaving  only  peros  skite 
lead  titanate.  The  polyitnitje  diffusion  barrier  ssill  Iv  discussed  in  more  detail  elsew  here  14|. 


SIMM  ARY 

A  new  technique  has  been  deseloped  to  study  niicrostructural  evolution  and  substrate 
interactions  in  thin  ceramic  films  and  applied  to  lead  titanate.  Tliin  films  crystallized  into 
pyrochlore,  Pb2Ti20(„  at  about  50()‘C  on  atiiorphous  SiOy  supports  due  to  interactions  between 
Kf  and  Si02.  Crystalline  perovskite,  Pb  fiOr.  the  desired  phase,  formed  at  higher  temperatures 
(-.‘i.'ilPC),  but  the  pyrochlore  phase  persisted.  Pkitituim  panicles  did  not  affect  the  crystallization 
temperature  of  PT  on  SiOs  supports  under  the  conditions  investigated.  Pyxrxhlore  did  not  form 
on  crystalline  AlyOi  or  TiO:  supports  at  any  temperature;  perovskite  was  the  sole  crystalline 
phase  forming  at  -5.‘iO“C.  The  use  of  a  fugitive  polyimide  b.irricr  layer  holds  promise  for 
preparation  of  Pb-ba.sed  ferrcielecirics  on  .Si-containinu  substr.iies  because  it  successfully 
pres  ented  pyrochlore  fonnation  in  particles  on  .SiOy. 
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ABSTR>\C'T 

Lithium  niobale  films  were  deposited  on  amorphous  carbon,  silicate  glass.  lOlillli 
sapphire,  and  I  KKl)  silicon  by  spin  or  dip  coating  double  metal  eihoxule  sols  I  he  crystallinitv  and 
microstructure  of  the  deposited  films  were  examined  by  XRD  anil  TEM.  Crystalli/aiioti  Ivhas  lor 
and  resulting  microsiructure  were  strongly  inlluenced  by  the  type  ol  substrate,  I'he  fi.rmaiion  of 
crystalline  LiNbOt  on  amorphous  carbon  was  detected  at  riHim  temperature.  Randomly  oriented 
polycrystalline  films  were  obtained  on  glass  at  4(K)  C.  Choice  of  one  mole  of  water  per  mole  ot 
ethoxide  generated  heteroepitaxial  growth  of  Li.NbOi  thin  films  on  i(K)(ll  i  sapphire  Oriented  but 
polycrystalline  films  were  obtained  on  silicon.  The  electrical  behasior  ol  film  on  silicon  was 
evaluated  in  metal-fcrroeleciric-semiconductor  configuration.  A  dielectric  constant  ol  .ss  and  a 
dissipation  factor  of  0.(K  14  was  measured  at  Kill  KH/. 

INTRODCC'I  KJN 

Li.NbOi  is  an  important  ferroelectric  material  with  many  altractivc  proivnies  such  as  a  large 
spontaneous  polarization  (70  pC/citri,  a  very  high  ('iirie  temperature  I  1210  Ci.  and  a  large 
negative  birefringence  (-O.OHl  |l|  Sol-gel  processing  has  been  successfully  employed  for 
synthesizing  thin  films  of  LiNbOi  12,.L41.  In  addition  to  being  simple  and  inexpensice,  the  sol 
gel  technii|uc  has  demonstrated  the  possibility  of  low  temperature  crysitilli/ation  of  LiNbO,  films, 
critical  for  integrated  optics  applications,  llirano  and  Kato  l.Sl  observed  the  oiisei  of  cry  stallization 
in  Li.NbOi  thin  films  at  2,‘iO  C  when  annealed  in  wet  0<  In  our  studies  on  bulk  l.iNbOi  gels, 
crystallization  was  initiated  at  temperatures  as  low  as  2(K)'T'  lb|. 

The  purpose  of  this  work  is  to  investigate  the  effect  of  various  substrates  on  nuclealion, 
crystallization,  and  microstructure  of  LiNbO-,  thin  films.  The  different  substrates  can  he  divided 
into  two  categories:  amorphous  and  crystalline.  The  difference  between  the  two  amorphous 
substrates  (carbon  and  glass)  was  in  the  wetting  behavior  of  the  sol.  Ihe  wetting  of  the 
amorphous  carbon  substrates  was  a  problem  as  die  deposited  sol  coalesced  tiuo  thick  regions 
leaving  behind  very  thin  regions  of  the  film.  In  comrast.  the  films  on  glass  were  very  uiiifonii, 
indicating  gocxl  wetting  behavior.  LiMiOi  tmd  sapphire  are  isostriictural  materials  belonging  lo 
the  space  group  R3c.  Highly  oriented  and  even  epitaxial  films  of  LiNbO,  have  been  obtained  on 
single  crystal  sapphire  |4,.‘1|,  even  though  the  lattice  mismatch  tielweeii  the  two  is  7.3';,  .Silicon 
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was  chosen  as  a  substrate  from  the  point  of  incorporating  LiNbO,  films  in  iiiicgrated  optics 
applications. 

EXPERIMENTAL 

Details  of  the  thin  film  synthesis  procedure  have  been  described  elsewhere  (7|.  0.25  molar 
sols  of  partially  hydrolyzed  lithium  niobium  double  ethoxide,  LiNb(OC2H‘i)f,.  W'ere  used  for  dip 
and  spin  coating.  For  this  work  the  ratio  of  ethoxide  to  water  was  kept  at  1.1.  The  films  on 
amorphous  carbon  subsiniles  were  deposited  in  a  controlled  environmental  chamber.  The  chamber 
atmosphere  was  saturated  with  the  solvent  (ethanol).  This  allowed  for  slow  drying  due  to  reduced 
evaporation  rate  of  the  solvent.  No  heat  treatment  was  given  to  these  films  Films  on  glass 
substrates  were  dip  coated  whereas  spin  coating  was  employed  on  sapphire  and  silicon  substrates. 
Films  on  glass  and  sapphire  substrates  were  annealed  at  4(K)''C  for  1  hour  in  air.  Heat  treatment  in 
air  did  not  produce  crystalline  film.s  on  silicon  ai  4(X)°C.  Crystalline  films  on  silicon  were  obtained 
when  annealed  in  HiO/O;  at  4(K1°C  for  1(X)  min..  All  the  films,  except  for  those  on  amorphous 
carbon  substrates,  were  annealed  at  a  ramping  rate  of  KTC/min.  followed  by  furnace  cooling. 

Crystallographic  and  microstructural  characterization  was  done  by  transmission  electron 
microscopy  (TEM)  with  a  Philips  CM20.  All  samples  in  the  microscope  were  looked  in  a  stage 
cooled  with  liijuid  NN  in  order  to  minimize  electron  beam  heating  effects.  Film  texture  li  e. 
preferred  orientation)  was  studied  by  X-ray  diffraction  (XRD)  utilizing  Cu  Xa  radiation  in  a 
Siemens  D,5(K)0  diffractometer  Thickness  and  refractive  indices  of  the  films  were  measured  using 
a  Rudolph  type  4.56  ellipsometcr.  Circular  gold  electrodes  of  2.8,5x  10  '  cm'  area  were  sputtered 
on  the  surface  of  the  annealed  film  on  silicon  substrates  using  a  shadow  mask  to  study  electrical 
properties  in  the  metal-ferroelectric-semiconductor  (.MFS)  configuration.  The  relative  dielectric 
constant,  e„  and  dissipation  factor,  tan  5.  were  measured  as  a  function  of  fret|uency  using  an 
impedance  analyzer  (model  4iy2A.  Hewlett  Packard  Inc.).  The  ferroeleciricity  in  the  tilms  was 
investigated  in  temis  of  hysterisis  behavior  by  determining  the  remanent  polarization  and  coercive 
field  in  a  computer  controlled  standardized  ferroelectric  test  system.  RT-66A  (Radiant 
Technologies). 


RESULTS 

Crystallization  and  Microstnictiire 

Figure  I  shows  the  TEM  micrograph  of  partially  hydrolyzed  lithium  niobium  ethoxide  sol 
on  amorphous  carbon  substrate.  As  mentioned  earlier,  the  sol  did  not  wet  these  substrates  well 
and  thin  regions  of  the  film  were  left  behind  during  shrinkage  of  the  sol.  These  thin  sections  were 
less  than  50  nm  thick  and  were  crystalline.  The  rings  in  the  selected  area  diffraction  (SAD)  pattern 
of  this  film  indexed  to  LiNbOi  d  spacings.  There  are  few  d  spacings  missing  from  this  SAD 
pattern  which  indicates  some  degree  of  texturing  in  the  film.  Also,  one  of  the  d  spacings  (3rd  ring) 
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Figure  1:  LiNb03  thin  film  (<  50  nm)  on  Figure  2;  120  nm  thick  LiNbOi  film  on  glass 

amorphous  carbon  substrate.  No  heat  treatment.  substrate,  annealed  at  4(KFC  for  1  hour  in  air 


is  off  by  47f  from  its  theoretical  position  in  LiNbO-,  crystal  structure.  The  grain  size  saries  from 
40  to  80  nm,  most  grains  on  the  order  of  75  nm. 

The  microstructure  of  the  films  on  glass,  annealed  at  dlXT’C  for  I  hour  (Fig.  2),  is  similar  to 
the  films  on  carbon  substrates.  The  grains  in  the  LiNb03  o'*  S'^ss  are  smaller  and  their  size  varies 
from  40-.50  nm.  The  SAD  pattern  of  this  film  is  also  similar  to  the  film  on  carbon  substrate.  XRD 
spectrum  of  this  film  indicated  a  strong  orientation  of  (1014)  planes  parallel  l,  the  substrate.  The 
same  (1014)  d  spacing  is  also  one  of  the  missing  rings  in  the  SAD  pattern.  Infonnation  from  the 
XRD  and  electron  diffraction  strongly  suggests  texturing  of  the  film  along  the  1 1014)  direction. 


Epita.xial  films  were  obtained  on 
((X)0l)  sapphire  substrates.  Figure  3  shows 
microstructure  of  one  such  film.  The 
prominent  features  of  this  film  are  its  single 
crystalline  nature  and  absence  of  porosity. 
The  zone  axis  in  the  SAD  pattern  is  ((X)()l) 
indicating  very  well  oriented  growth  with  the 
substrate.  From  this  panicular  area,  substrate 
has  been  completely  milled  during  ion  milling 
of  the  specimen  but  in  the  other  regions  of  the 
film  which  were  still  attached  to  the  substrate. 
Moire  fringes  were  observed  and  the 
corresponding  SAD  patterns  confirmed  the 


Figure  3:  175  nm  thick  LiNbOj  film  on 
((XX)  1)  sapphire.  4(X)°C  for  1  hour  in  air. 
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Figure  4:  XRD  of  LiN'bO,  on  ( 1(K))  Si 
(a)  6-26  scan  and  (b)  glancing  angle  scan. 


Figure  5;  175  nm  thick  l.iNbO,  film  on 
silicon.  4(X)°C  for  1(H)  min  in  11,0/0., 


epitaxy  of  LiNb03  on  sapphire  with  the  following  orientation  relationship. 

((H)01 )  LiNb03  //  ((KX)1 )  sapphire  and  ( 1 120|  LiNbO,  // 1 1 1 2(l|  sapphire 

XRD  profiles  of  the  film  on  (100)  silicon  are  shown  in  Figure  4.  Normal  coupled  scan 
shows  a  strong  orientation  of  ( l()i4)  planes  of  LiNb03  piuallel  to  the  substrate  surl'ace  Randomly 
oriented  polycrystalline  L/NbO,  would  have  a  peak  inien.siiy  ratio  of  1(X):4()  between  the  (01 12) 
and  (1014)  peaks  whereas  the  intensity  ratio  of  these  peaks  in  Figure  4a  shows  a  ratio  of  20;  1(H). 
From  this  data  one  can  determine  that  about  92‘/c  of  the  film  is  oriented  w  ith  ( 1014)  planes  parallel 
to  (1(X))  Si.  Flowever.  the  glancing  angle  XRD  .scan  at  2°  (Fig.  4b)  reveals  misonentation  in  the 
plane  of  the  film  and  the  polycrystalline  nature  of  the  films. 

Figure  5  is  a  plan  view  TEM  image  of  the  same  film  showing  the  microstructure.  The 
selected  area  diffraction  (SAD)  pattern  insert  shows  evidence  for  a  random  alignment  of  the  grains 
in  the  plane  of  the  film.  The  grains  are  irregularly  shaped  but  estimates  of  the  grain  size  obtained 
from  dark  field  images  indicated  a  grain  size  of  about  0.5  pm  Tiny  pores  of  less  than  10  nm  in 
size  are  present  within  the  grains  and  along  the  grain  boundaries.  Refractive  index  measurements 
of  this  film  indicated  a  value  of  2.14.  The  refractive  indices  values  for  the  bulk  LiNbOj  are 
n„=2.296  and  nj=2.208  [  1 1.  Combining  this  information  and  the  Lorenlz  Lorenz  relationship  IX], 
we  obtained  a  value  of  5%  for  the  residual  porosity  pre.seni  in  the  film. 


Electrical  propenies 

The  resistance  compensated  loop  shown  in  Figure  6  indicates  ferroeleelricity  in  the  films 
with  a  remanent  polarization  of  2. 1  pC/cm‘  and  a  coercive  field  of  about  IX  KV/cm.  The  length  of 
the  hysierisis  profile  was  about  282  ms  and  the  maximum  applied  voltage  was  1  V. 
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Kleclric  Held  (Kv/cinl  IVc^ecne;.  ;11/) 


Figure  6:  Hysterisis  loop  from  u  4(K)°C  Figure  7:  Dielectric  constant  and  dissipation 

annealed  LiNbO,  film  in  MFS  configuration.  factor  as  a  function  of  frequency. 

Figure  7  shows  the  variation  in  dielectric  constant  and  dissipation  factor  as  a  function  of 
frequency  measured  at  10  mV  on  lithium  niobate  films  in  MFS  configuration.  The  dielectric 
constant  of  the  films  annealed  at  4(KFC  shows  a  value  of  .45  and  a  dissipation  factor  of  0.(K)4  at  a 
measuring  frequency  of  l(X)  KHz. 

DISCUSSION 

The  most  surprising  result  of  the  present  work  is  the  observation  of  room  temperature 
crystallization  in  LiNbO)  thin  films  on  amorphous  carbcrn  substrates.  It  is  relevant  to  mention  here 
our  work  on  thin  gel  films  |6|  and  rcxim  temperature  dried  films  on  glass  substrates.  These  films 
were  amoiphous  and  stable  in  electron  beam  and  even  intentional  beam  heating  did  not  initiate 
nucleation  of  crystalline  LiNbO).  We  believe  that  the  crystallization  of  LiNbO)  on  amorphous 
carbon  substrates  under  no  heat  treatment  conditions  is  not  an  electron  beam  artifact.  Though  the 
exact  mechanism  behind  this  phenomenon  is  still  unknown,  some  of  the  possible  factors  could  be 
(a)  influence  of  interfacial  energy,  (b)  slow  drying  which  allows  more  time  for  the  polymeric 
species  (building  bkKks)  to  attain  equilibrium  sites,  and  (c)  very  thin  films  (less  than  50  nm) 
which  facilitate  transportation  of  polymeric  species. 

It  is  also  very  interesting  to  note  that  the  films  on  glass  attain  a  similar  microstaicture  and 
texture  only  after  being  annealed  at  4(K)°C  for  1  hour.  Lower  temperatures  and  lesser  soaking 
times  failed  to  crystallize  LiNbOj  films  on  glass  substrates.  Also,  a  slight  shift  in  one  of  the  J 
spacings  in  the  SAD  patterns  of  the  films  on  both  carbon  and  glass  substrates  implies  that  on 
amorphous  substrates,  LiNbO)  does  not  nucleate  as  an  equilibrium  ferroelectric  crystalline  phase. 

On  crystalline  substrates  (sapphire  and  silicon),  all  the  d  spacings  indexed  to  ferroelectric 
LiNbO)  crystal  structure  and  ferroelcctricity  was  detected  in  the  films  on  silicon.  The  value  of 
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spontaneous  polan?ation  is  much  lower  in  the  present  thin  films  (about  5  pCVcm'i  in  companson 
with  bulk  single  cr>'stal  lithium  niobate  (70  pC/tm’) .  This  could  be  due  to  the  fact  that  the  loop 
presented  in  Figure  6  is  essentially  from  a  smaller  signal  and  not  saturated.  It  was  not  possible  to 
go  beyond  a  maximum  applied  voltage  of  1.5  V  without  seriously  distorting  ihe  shape  of  the  Kxip 
due  to  charge  injection  across  the  film-substrate  interface.  The  v  alue  of  dielectric  constani  al 
higher  frequencies  <35  at  HK)  KHz)  is  very  close  to  the  calculated  value  of  Mi  based  on  orientation 
information  obtained  from  XRD.  i.e.  ‘)25('  ( 1014)  and  8'T  (01  12).  and  the  contnbuiions  from  the 
corresponding  dielectric  constants  towards  the  overall  dielectric  constant  of  the  films  14| 
However,  the  strong  dispersion  observed  at  low  frcquenei'‘s  is  probably  assiKiaied  with  factors 
such  as  electrrxie  polarization  and  lossy  nature  of  the  films. 

CONCLUSIONS 

1.  Evidence  of  room  temperature  crystallization  in  LiNbOi  thin  films  on  amorphc.us  carbon 
substrates.  The  films  were  polycrysialline  with  some  d  spacings  mis.sing  in  the  SAD  patterns. 

2.  Heat  treatment  of  4(K)''X'  for  I  hour  yielded  polycrystalline  LiNbOi  films  on  glass 
.3.  Dense,  epitaxial  films  were  obtained  on  t(XK)l )  sapphire  substrates  at  4IK)-C. 

4.  Films  on  silicon  were  oriented  but  ptilycryslalline.  Ferroeleciricity  was  measured  and 
experimental  dielectric  constani  values  matched  w  iih  bulk  l.i.N'bO,  data. 

5.  The  observed  micro.siruciures  and  properties  are  a  strong  function  of  sarious  processing 
parameters  including  choice  of  substrate. 
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ABSTRACT 

Dense  epitaxial  LiNbOa  thin  films  without  any  misoriented  plane  on  sapphire 
substrates  were  obtained  with  a  sol-gel  process  utilizing  2-methoxyethanol  based 
metal  alkoxide  precursors  without  pre-hydrolysis  and  rapid  thermal  annealing. 
Epitaxial  LiNbOs  films  annealed  at  TOOX  were  transparent  and  showed  refractive 
indices  close  to  bulk  single  crystal  values.  Epitaxial  and  ransparent  LiTaUs  films 
crystallized  successfully  on  sapphire  substrates  with  single  orientations  with  the 
present  process.  X-ray  rocking  curve  full  widths  at  half  maximum  of  epitaxial 
LiNbOs  and  LiTaOs  films  on  sapphire  (110)  substrates  and  annealed  at  700°C  were 
less  than  0.4  degree. 


INTRODUCTION 

Recent  progress  in  ferroelectric  thin  film  technology  has  produced  a  number  of 
processes  to  prepare  epitaxial  ferroelectric  thin  films  to  fabricate  optical 
waveguides,  for  instance.  Most  epitaxial  methods  include  dry  processes  which  are 
generally  costly  and  complicated  to  prepare  stoichiometric  epitaxial  ferroelectric 
thin  films.  Typical  dry  deposition  processes,  such  as  rf-magnetron  sputtering  [1], 
pulsed  laser  deposition  [2],  metalorganic  chemical  vapor  deposition  [3],  require 
manipulation  of  target  composition  and/or  precise  control  of  deposition  conditions 
in  order  to  obtain  stoichiometric  ferroelectric  thin  films. 

The  sol-gel  process  is  advantageous  in  processing  cost,  large  area  fabrication, 
and  stoichiometric  composition  control  although  it  has  been  believed  as  a  process  to 
prepare  randomly  oriented  polycrystalline  ferroelectric  thin  films  until  recently. 
Partlow  and  Greggi  observed  a  partial  homoepitaxy  when  they  prepared  LiNbOs 
thin  films  on  LiNbOs  single  crystals  by  a  sol-gel  process  using  hydrolyzed  metal 
ethoxides  [4].  Afterwards,  LiNbOs  thin  films  with  preferred  orientation  on 
sapphire  substrates  were  prepared  from  partially  hydrolyzed  metal  ethoxide 
precursors  [5]. 

Oriented  or  epitaxial  ferroelectric  thin  films  other  than  LiNbOs  prepared  by  a 
sol-gel  process  include  PbTiOs  [6],  Pb(Zri.xTix)Os  (PZT)  [7],  Pb(Mni/sNb2/s)Os 
(PMN)  [8]  up  to  now.  We  reported  the  solid  state  heteroepitaxial  crystallization  of 
LiNbOs  thin  films  with  single  orientations  on  sapphire  substrates  from  non- 
hydrolyzed  metal  ethoxide  precursors  [9].  We  observed  a  change  in  orientation  of 
LiNbOs  from  epitaxial  to  random  with  an  increase  in  amount  of  water  added  to 
hydrolyze  metal  ethoxide  precursors.  Epitaxial  LiNbOs  thin  films  annealed  at 
400°C  looked  dense  and  smooth  although  they  apparently  had  microporosity  of  10 
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nm  in  diameter  when  they  were  observed  by  transmission  electron  microscope  [10]. 
Development  of  pore  sizes  up  to  100  nm  in  diameter  was  observable  by  scanning 
electron  microscopy  when  epitaxial  LiNbOs  thin  films  were  annealed  at  700'C 
although  they  still  showed  better  quality  than  oriented  or  polycryslalline  LiNbOs 
thin  films  in  terms  of  density  and  refractive  index.  Finally,  an  ideal  epitaxial 
LiNbOa  thin  film  is  a  fully  dense  defect  free  single  crystal. 

In  the  present  study,  we  examined  precursor  chemistry  and  annealing 
conditions  in  order  to  improve  the  quality  of  sol-gel  derived  epitaxial  LiNbUs  thin 
films.  The  feasibility  of  the  process  presented  in  this  study  to  prepare  other 
materials  such  as  LiTaOs  was  also  examined. 


EXPERIMENTAL 

Likewise  the  previous  process  [9,  10],  0.5  M  ethanol  based  precursor  solutions 
for  LiNbOa  thin  films  were  prepared  from  lithium  ethoxide  (LiOC2H5)  and 
niobium  ethoxide  (Nb(OC2H5)5)  in  absolute  ethanol  (C2H5OH).  In  the  present 
report,  we  prepared  methoxyethanol  based  precursors  from  LiOC^Hj  and 
Nb(OC2H5)5  by  alcohol  exchange  reactions  in  2-methoxyethanol  (CH3OC2H4OH) 
in  a  dry  nitrogen  atmosphere.  Equal  molar  amounts  of  each  ethoxide  were 
dissolved  in  absolute  2-methoxyethanol  to  form  0.6  M  solutions.  The  solutions 
were  stirred  and  distilled  for  2  hours.  Within  one  hour,  the  boiling  point  of  the 
solutions  increased  to  125°C  indicating  progress  of  the  alcohol  exchange  reaction. 
The  distillation  was  followed  by  refluxing  for  22  hours  at  125°C  for  completion  of 
the  alcohol  exchange  reaction.  The  formation  of  lithium  methoxyethoxide 
(Li0C2H40CH3)  and  niobium  methoxyethoxide  (Nb(0C2H40CH3),s)  was 
confirmed  by  IH  NMR  spectroscopy  of  dried  precursors. 

Optically  polished  sapphire  substrates  with  (110)  or  (001)  orientation  were 
cleaned  in  organic  solvents,  an  aqueous  20  vol%  HCl  solution,  and  deionized  water. 
Conductive  indium  tin  oxide  coated  Pyrex  glass  (ITO  glass)  was  also  utilized  as  a 
substrate  after  organic  solvent  cleaning  in  order  to  examine  electrical  properties  of 
polycrystalline  thin  films  prepared  by  the  present  process.  The  cleaned  substrates 
were  ethanol  spin-dried  followed  by  spin-coating  with  the  non-hydrolyzed 
precursors  at  2000  rpm  in  a  dry  nitrogen  environment.  The  coated  substrates  were 
heated  in  wet  oxygen  at  SOO^C  for  2  min  in  order  to  pyrolyze  the  coating  films.  The 
pyrolyzed  amorphous  films  were  further  heated  at  a  specified  temperature  to 
crystallize  them  epitaxially.  Heating  was  performed  at  a  conventional  heating 
rate  of  10°C/min  or  at  a  rapid  heating  rate  of  10°C/sec  (that  is  RTA:  rapid  thermal 
annealing). 

Texture  and  quality  of  the  prepared  epitaxial  films  were  analyzed  by  Cu  Ka  0- 
28  X-ray  diffraction  (XRD)  and  XRD  pole  figures.  Morphology  of  obtained  films 
were  observed  by  scanning  electron  microscopy  (SEM).  Refractive  indices  and 
thicknesses  of  the  films  were  measured  by  eiiipsometry  with  He-Ne  laser,  P-E 
hysteresis  loops  of  polycrystalline  thin  films  on  ITO  glass  were  measured  by 
Sawyer-Tower  circuit. 
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RESULTS  AND  DISCUSSION 

Figure  1(a)  shows  a  SEM  image  of  an  epitaxial  LiNb03  thin  film  prepared  on 
sapphire  (110)  from  an  ethanol  based  precursor  and  annealed  at  700°C  at  a  heating 
rate  of  10°C/min.  The  thin  film  is  porous  because  of  development  of  pores,  as 
reported  before  [9, 10],  Whereas,  epitaxial  LiNbOs  thin  films  prepared  on  sapphire 
(110)  from  a  methoxyethanol  based  precursor  and  annealed  in  the  same  condition 
as  the  above  were  fully  transparent  and  denser  than  the  above  LiNbOa.  Number 
density  and  size  of  pores  are  greatly  reduced  although  no  obvious  change  in  grain 
size  was  observed.  In  differential  scanning  calorimetry  of  dried  precursors,  the 
peak  intensity  of  the  exotherm  around  270°C,  due  to  pyrolysis  of  organic  groups  of 
the  methoxyethanol  based  precursor,  was  weaker  than  that  of  the  ethanol  based 
precursor.  This  fact  suggests  the  formation  of  pores  may  be  suppressed  by  the  easer 
pyrolysis  of  precursors.  In  addition  to  the  precursor  chemistry,  the  rapid  heating 
rate,  as  fast  as  10°C/sec,  reduced  porosity  as  shown  in  Figure  1(b).  This  behavior  of 
LiNbOs  in  terms  of  porosity  is  in  agreement  with  the  report  by  Eichorst  and  Payne 
when  they  prepared  polycrystalline  LiNbOs  on  silicon  although  they  reported 
change  in  grain  size  in  addition  to  change  in  pore  size  [11]. 


Figure  1.  SEM  of  epitaxial  LiNbOa  thin  films  on  sapphire  (110) 
substrates  prepared  from  (a)  an  ethanol  based  precursor  with  a  slow 
heating  rate  and  (b)  a  methoxyethanol  based  precursor  with  RTA. 


Epitaxy  of  these  thin  films  on  sapphire  (110)  was  confirmed  by  XRD  d-20 
patterns  and  XRD  pole  figures  as  reported  before  (9,  10].  XRD  8-28  patterns  of 
these  thin  films  indicated  no  Li-deficient  phase  and  single  plane  orientation  of 
LiNbOa  (110)  //  AI2O3  (110).  XRD  pole  figures  of  these  thin  films  on  sapphire  (110) 
for  the  (012)  plane  showed  symmetric  patterns  of  four  spots  indicating  in-plane 
orientation  of  LiNbOs  [001]  //  AI2O3  [001]. 

XRD  data  and  refractive  indices  of  epitaxial  LiNbOs  thin  films  prepared  on 
sapphire  substrates  are  summarized  in  Table  I.  As  suggested  by  the  SEM  of 
LiNbOa  thin  films,  LiNbOa  prepared  from  the  ethanol  based  precursor  showed 
lower  refractive  indices  than  LiNbOa  prepared  from  the  methoxyethanol  based 
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precursor.  RTA  processed  LiNbOs  had  relatively  higher  refractive  indices  than 
LiNbOa  annealed  at  a  conventional  slow  heating  rate.  The  slightly  higher 
refractive  indices  of  the  RTA  processed  LiNbOa  than  single  crystal  values  could  be 
caused  by  residual  stress  in  LiNbOa  due  to  RTA  process.  In  contrast,  RTA 
processed  LiNbOa  had  relatively  larger  XRD  rocking  curve  full  width  at  half 
maxima  (FWHM)  than  those  of  LiNbOa  annealed  at  a  slow  heating  rate.  All 
LiNbOa  thin  films  derived  from  the  methoxyethanol  based  precursors  and 
annealed  at  700°C  had  rocking  curve  FWHMs  less  than  0.4°.  LiNbOa  grown  on 
sapphire  (001)  showed  larger  rocking  curve  FWHMs  than  those  of  LiNbOa  on 
sapphire  (110).  RTA  processed  LiNbOa  derived  from  the  methoxyethanol  based 
precursor  started  to  crystallize  epitaxially  at  400“C  and  showed  almost  similar 
refractive  indices  above  600°C.  These  LiNbOa  were  epitaxial  even  with  a  short 
annealing  time  of  1  min  at  700°C  although  LiNbOa  required  more  than  5  min  to 
show  high  refractive  indices  close  to  single  crystal  values. 

With  a  similar  process  using  methoxyethanol  based  precursors  and  RTA, 
transparent  epitaxial  LiTaOa  thin  films  were  successfully  crystallized  on  sapphire 
(110)  and  (001)  at  700°C  as  shown  in  Figure  2.  No  misoriented  plane  "  as  observed 
in  XRD  patterns.  The  films  looked  smooth  and  crack-free  when  they  were  observed 
by  SEM.  There  was  no  granular  structure  as  observed  in  the  previous  paper 
reporting  the  preparation  of  LiTaOa  thin  films  on  sapphire  substrates  from 
partially  hydrolyzed  ethoxide  precursors  [12].  LiTaOs  thin  films,  which  have 
higher  melting  temperature  by  about  400°C  than  LiNbOa,  showed  relatively  lower 
refractive  indices  than  that  of  single  crystals  compared  with  LiNbOa  thin  films,  as 
shown  in  Table  I.  Rocking  curve  FWHMs  of  LiTaOa  thin  films  on  sapphire  (110) 
and  annealed  at  700°C  were  also  less  than  0.4°. 


Table  I.  XRD  data  and  refractive  indices  of  LiNbOa  and  LiTaOa  thin 
films  on  sapphire  substrates. 


Precursor 

Substrate 

— 

Heating 

Rate 

(°C/sec) 

Annealing 

FWHM 
(deg)  >) 

Refractive 
Index  21 

LiNb(OC2H5)6 

(110) 

0.17 

700 

90 

0.19 

2.103 

LiNb(0C2H40CH3)6 

(110) 

0.17 

700 

90 

0.22 

2.280 

LiN  b(OC2H40Cn3)6 

(110) 

mgm 

700 

■I 

0.40 

2.295 

LiNb(0C2H40CH3)6 

(110) 

■■ 

0.39 

2.294 

LiNb(0C2H40CH3)6 

(110) 

10 

0.46 

2.267 

LiNb(0C2H40CH3)6 

(001) 

10 

1.57 

2.264 

LiTa(OC2H40CH3)6 

(110) 

10 

mem 

30 

0.34 

2.098 

LiTa(OC2H40CH3)6 

(001) 

10 

30 

1.12 

1.982 

1)  FWHM  on  Sapphire  (110)  =  0.072  deg. 

2)  Bulk  LiNbOa  =  2.201--2.289,Bulk  LiTaOa  =  2. 176-2.180. 


Figure  2.  XRD  patterns  of  epitaxial  LiTaOalhin  films  on  (a) 
a  sapphire  (110)  substrate  and  on  (b)  a  sapphire  (001)  substrate. 


The  present  process  employing  non-hydrolyzed  precursors  was  also  applicable  to 
preparing  multi-layer  polycrystalline  LiNbOs  thin  films.  For  electrical 
measurement,  the  0.3  pm  thick  LiNbOa  layer  was  prepared  on  ITO  glass  from  the 
methoxyethanol  based  precursor  and  by  RTA  at  SOO’C.  For  obtaining  this  film, 
spin-coating  and  pyrolysis  were  repeated  three  times  prior  to  crystallization.  The 
obtained  LiNbOs  was  a  transparent  and  crack-free  polycrystalline  thin  film. 
Figure  3  shows  P-E  hysteresis  loops  from  Pt/LiNbOa/TTO  structure  measured  at  75 
Hz.  The  leakage  current  through  the  LiNbOs  layer  was  subtracted  from  the  li>ops. 
The  leakage  current  was  4  X 10-5  A/cm  at  2.0  Volts.  It  was  difficult  to  saturate  the 
polarization  of  the  LiNbOs  filna  before  dielectric  breakdown.  The  remanent 
polarization  of  the  LiNbOa  film  was  0.4  pC/cm2  and  the  coercive  field  was  30  k  V/cm 
at  an  applied  voltage  of  2.0. 
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Figure  3.  P-E  hysteresis  loops  of 
Pt/LiNbOa/TTO  structure  (X  div:=0.5 
Volt,  Y  div  =  0.2  fxQ/cm^.) 


CO'  '  iXSlONS 


The  effect  of  precursor  chemistry  and  annealing  condition  on  the  quality  of  sol 
gel  derived  epitaxial  LiNb03  thin  films  on  sapphire  substrates  was  examined 
Process  utilizing  the  combination  of  methoxyethanol  based  precursors  and  rapid 
thermal  annealing  dramatically  improved  the  quality  of  LiNbOy  in  tc-ms  of 
density  and  morphology.  Obtained  LiN'bO.a  thin  films  had  similar  refractive 
indices  to  bulk  single  crystals  wrhen  they  were  annealed  over  biiO  C.  I'he 
application  of  the  present  process  to  preparation  of  the  other  material  was 
successful.  The  present  process  gave  crack  free  epitaxial  Li'faO)  thin  films  on 
sapphire.  This  may  be  the  first  demonstration  of  epitaxial  LiTaO  3  on  sapphire  by  a 
sol-gel  method  to  our  knowledge.  LiTa03  had  relatively  lower  refractive  indices 
than  bulk  single  crystals.  Remanet  polarization  of  polycrystalline  l.iNhOa  on  ITO 
glass  as  larger  as  0.4  oC  cm-  was  observed. 
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ABSTRACT 

Potassium  niobate,  KNb03,  posses.ses  high  nonlinear  optical  coefficients 
making  it  a  promising  material  for  frequency  conversion  into  the  visible 
wavelength  range.  While  epitaxial  thin  films  of  KNb03  have  been  reported 
11,21,  only  limited  data  exists  concerning  the  optical  loss  mechanisms  and 
nonlinear  optical  properties  of  these  films.  In  this  study,  epitaxial  thin  films  of 
KNb03  have  been  grown  using  ion  beam  sputter  deposition  and  evaluated  in 
terms  of  their  microstructures  and  optical  properties.  Characterization  of  the 
microstructures  of  these  films  includes  the  in-plane  epitaxial  relationship  to  the 
substrate.  The  relationships  between  the  growth  parameters  and  microstructures 
developed  to  the  indices  of  refraction  and  the  optical  losses  (absorption  and 
scattering)  are  discussed. 


INTRODUCTION 


The  next  generation  of  laser  writing  and  optical  .storage  devices  will 
require  a  high  resolution  coherent  light  source.  The  resolution  necessary  can  be 
achieved  by  using  a  blue  light  source  where  high  re.solution  is  achieved  because 
of  the  short  wavelength.  Currently  no  compact  blue  laser  source  is 
commercially  available,  but  the  production  of  blue  laser  radiation  through 
second  harmonic  generation  (SHG)  in  a  nonlinear  optical  material  presents  the 
most  promising  approach  demonstrated  thus  far.  Achieving  the  necessary 
second  harmonic  power  ( 1  -5  mW)  from  a  relatively  low  power  semiconductor 
laser  diode  requires  high  conversion  efficiency  in  the  nonlinear  material. 

Many  factors  influence  the  SHG  efficiency  including  the  nonlinear 
susceptibility  of  the  material  (dijk),  the  refractive  index  (n),  the  optical 
pathlength  (L),  and  the  waveguide  width  and  thickness  (w,t)  as  shown  in  the 
following  equation. 


n^  w  t 


(1) 
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'Fhis  relationship  makes  clear  the  advantages  of  using  the  nonlinear  material  in  a 
resonator  system  where  L  becomes  large  enough  to  produce  efficient  SllG 
output.  Such  systems  have  been  demonstrated  for  several  materials  including 
KNb03.l3,41  Also  clear  from  the  above  relation.ship  is  the  increased 
efficiency  resulting  from  confining  the  fundamental  beam,  P(“),  in  a  waveguide 
■Structure,  thereby  decreasing  the  parameter  f . 

The  nonlinear  optical  material  used  determines  the  device  design.  Many 
of  the  commonly  used  nonlinear  materials  including  KTP,  LiTa03.  and  LiNb03 
require  complex  phase  matching  schemes  in  order  to  produce  efficient 
SHG.  15,6,7)  KNb03,  however,  can  be  u.sed  to  produce  light  in  the  blue  region 
of  the  of  the  optical  spectmm  by  Type  I  phase  matching.) 8]  'Fhis  is  an  attractive 
attribute  fora  thin  film  device  where  producing  complex  pha.se  matching 
structures  within  the  material  may  be  difficult.  In  addition,  KNb03  possesses 
large  nonlinear  optical  susceptibilities,  comparable  to  the  other  materials 
mentioned.  KNb03  thin  films  have  been  fabricated  by  .several  growth  methods 
including  ion  beam  .sputtering  )  1 ),  rf-diode  sputtering  12],  the  sol-gel  process 
|9),  and  liquid  pha.se  epitaxy,  LPE  )  10).  To  dale,  the  films  produced  by  the 
sputtering  methods  have  exhibited  the  be.st  optical  properties  with  optical 
propagation  losses  as  low  as  1.1  dB/cm  reported  12). 

Low  optical  propagation  losses  are  paramount  to  fabricating  a  viable 
SHG  device.  Two  primary  loss  mechanisms  exist  for  transmission  through 
waveguides,  absorption  and  scattering.  Absorption  can  result  from  impurities, 
carriers,  and  interband  transitions.  Absorption  decreases  SHG  efficiency  by  the 
following. 


p<-<i)) 

p(i») 


j2 

°ijlt  *  p(01) 

n"  ic 


(2) 


where  K  is  the  absorption  coefficient  of  the  nonlinear  optical  material.  While 
absorption  processes  have  been  shown  to  limit  the  properties  of  several  optical 
materials,  scattering  is  the  major  component  of  the  propagation  loss  in  most  thin 
film  waveguides.  Scattering  is  typically  caused  by  inhomogeneities  in  the  film, 
microstructural  defects,  and  imperfections  at  the  film-substrate  and  film-surface 
interfaces.  The  lo.ss  produced  by  interface  roughness  is  a  good  example  to 
illustrate  the  interface  control  necessary  to  produce  a  low-loss  thin  film,  llie 
radiation  loss  factor,  a,  is  related  to  the  interface  roughness  by  )  1 1  j 


2a  oc 


(n^-n^)b^ 

.3 


where  nf  is  the  refractive  index  of  the  film,  ni  is  the  index  of  the  substrate,  b  is 
the  amplitude  of  the  interface  roughness,  and  t  is  the  film  thickness  as  shown  in 
Fig.  1 .  Loss  due  to  interface  roughness  is  especially  difficult  to  control  for 
nonlinear  optical  materials  which  have  high  indices  of  refraction,  n>2.00.  The 
large  index  difference  between  the  light  guiding  film  layer  and  the  substrate 
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scales  the  radiation  loss  factor  by  the  difference  of  the  squares  of  the  indices, 
making  even  small  interface  roughness  result  in  large  optical  propagation  loss 
for  thin  films. 


2b 


Fig.  1 .  Model  used  to  calculate  the  radiation  loss  caused  by  interface  roughness. 

The  microstructural  requirements  for  low-loss  light-guiding  thin  films  are 
not  well  defined.  Microstmctural  features  such  as  high  and  low  angle  grain 
boundaries,  grain  size,  and  domain  walls  may  contribute  to  large  propagation 
loss  through  scattering.  The  detriment  to  film  quality  of  each  feature  is 
expected  to  be  related  to  the  material-substrate  system  chosen.  Control  of  film 
microstructure  is  possible  by  proper  choice  of  growth  technique  and  deposition 
parameters. 

KNb03  FILM  GROWTH 

KNb03  films  have  been  grown  by  rf-diode  sputtering,  LPE,  sol-gel,  and 
ion  beam  sputtering  as  stated  previously.  In  this  inve.stigalion,  KNb03  films 
were  grown  using  two  ion  beam  sputter  deposition  processes.  The  first,  shown 
in  Fig.  2,  was  developed  at  N.  C.  State  [  1  ].  This  process  uses  a  single  primary- 
ion  source  to  sputter  material  from  multiple,  elemental  and  elemental  oxide 
targets  which  are  sequentially  rotated  in  front  of  the  ion  beam.  Thus,  thin  layers 
of  the  target  materials,  niobium  and  potassium  superoxide  (K02),  are  deposited 
on  the  substrate.  At  the  deposition  temperature,  these  layers  are  continuously 
interdiffusing  and  the  proper  structure  is  formed  in  situ.  Control  of  film 
stoichiometry  is  achieved  by  adju.sting  the  relative  thickness  of  the  layers.  The 
thickness  of  each  layer  is  computer-controlled  through  feedback  from  a  quartz 
crystal  resonator. 

A  second  ion  beam  sputter  deposition  system,  shown  in  Fig.  3,  has 
recently  been  set  up  at  DuPont.  This  system  uses  two  primary  ion  sources  to 
cosputter  the  Nb  and  K02  targets.  Stoichiometric  control  is  attained  by 
adjusting  the  relative  sputtering  rates  of  the  two  targets.  The  .sputtering  rates  are 
primarily  controlled  by  adjusting  the  ion  beam  energy  and  ion  beam  current 
incident  on  each  target.  In  addition,  the  deposition  rate  from  each  target  is 
monitored  by  a  quartz  crystal  resonator. 


Many  process  parameters  were  kept  constant  in  both  deposition  systems 
so  that  changes  in  nucleation  and  growth  mechanisms  resulting  from 
cosputtering  versus  layer  by  layer  growth  could  be  investigated.  Table  1 
summarizes  the  most  important  common  processing  conditions.  Single  crystal. 
(001 )  oriented  magnesium  oxide,  MgO,  was  used  as  the  substrate  for  all  films  in 
this  study.  The  substrate  temperature  during  deposition  was  between  600  and 
650°C  with  the  higher  temperatures  used  during  the  growth  of  thick  films  for 
optical  characterization.  TTie  ion  beam  energy  was  kept  in  the  range  of  5(X)  to 
1000  eV  to  minimize  damage  to  the  growing  film  from  high  energy 
backscattered  primary  ions.  Films  from  500  to  5(XX)  A  were  deposited  using 
both  deposition  techniques. 


Table  I.  Process  parameters  for  ion  beam  sputter  deposited  KNbO.T  thin  films. 


Targets 
Substrate 
Growth  Temp. 

Ion  beam  energy 
Ion  beam  current 
Growth  rate 

Oxygen  background  pressure 
Cooling  rate 


Nb.  K02 
MgO  (001 ) 
600-650“C 
500-l(K)0cV 
0.025-0.  OX)  mA/cm2 
5(K)  A/h. 

IxlOA-lxlO  lorr 
5^0mi^^^_^__ 


Fig.  2.  Ion  beam  sputter  deposition  system  used  for  layer-by  layer  growth. 
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Rutherford  Backscattering  Spectrometry  (RBS)  was  used  to  determine 
film  composition.  A  2  MeV  '*He+  ion  beam  normally  incident  on  the  samples 
was  used  for  the  measurements.  Fig.  4  shows  the  result  of  a  typical  RBS 
measurement.  The  experimental  spectrum  shown  is  in  excellent  agreement  with 
the  simulated  spectrum  of  a  stoichiometric  KNb03  film  also  shown  in  the 
figure.  Simulated  RBS  spectra  were  also  used  to  determine  the  thickness  of 
films  which  supported  only  single  guided  modes.  DekTak  measurements  were 
used  to  verify  the  thickness  determined  by  RBS.  The  thickness  determined  was 
then  used  to  calculate  the  refractive  index  of  such  films. 
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Energy  (MeV) 


Channel 

Fig.  4.  RBS  spectrum  of  a  KNb03  thin  film  grown  on  MgO.  The  da.shed  line 
represents  the  simulated  spectrum  of  a  stoichiometric  KNBO3  film. 


EPITAXY  STUDY 

Crystal  orientation  is  critically  important  to  SHG  performance.  Phase 
matching  of  the  fundamental  and  second  harmonic  waves  can  normally  be 
accompli.shed  only  in  certain  cry.stallographic  directions  in  a  crystal.  Therefore, 
it  is  desirable  to  produce  a  thin  film  that  is  a  single  crystal,  requiring  epitaxy  in 
both  planar  directions  of  the  thin  film  and  no  microstructural  defects.  In 
practice  it  is  very  difficult  to  grow  a  true  heteroepitaxial  film.  Lattice  mismatch 
between  film  and  substrate  is  often  accommodated  by  the  formation  of 
microstructural  defects  such  an  high  and  low-angle  grain  boundaries  and  the 
formation  o.  Jr  main  walls  in  ferroelectric  thin  films.  For  these  reasons, 
neighboring  grains  or  domains  may  not  have  the  same  crystallographic 
orientation  across  the  boundary  or  wall,  ruining  the  phase  matching  conditions 
as  the  fundamental  and  se  '■nd  harmonic  waves  cross  these  boundaries. 

The  standard  x-ray  oilfractomater  theta-two  theia  scan  is  a  powerful 
technique  for  determining  the  crystalline  structure  of  thin  films  and  for 
determining  if  any  preferential  orientation  exists.  The  resulting  pattern  is  al.so 
useful  in  identifying  the  crystalline  phases  present.  Fig.  5  shows  a  typical  x-ray 
diffraction  pattern  for  a  KNb03  thin  film  deposited  on  MgO.  From  this 
diffraction  pattern  it  is  clear  that  the  film  is  single  phase  KNb03  and  highly 
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oriented  with  (1 10)KNbO3ll(001)MgO  where  the  indices  given  for  KNb03  are 
for  the  orthorhombic  phase.  This  orientation  of  the  orthorhombic  unit  cell  is 
pictured  in  Fig.  6.  As  shown  in  the  figure,  the  1001  lKNb03  is  in  the  plane  of 
the  film.  Howc/'t,  it  can  not  be  determined  from  the  standard  diffraction 
pattern  if  the  [001  lKNb03  is  parallel  to  the  1  lOOlMgO  or  the  [OlOlMgO.  The 
in-plane  orientation  of  the  film,  is  necessary  for  phase  matching  considerations 
as  discussed  earlier. 
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Fig.  5.  X-ray  diffraction  pattern  of  a  KNbOs  thin  film  deposited  on  MgO(001 ). 


In  order  to  investigate  the  in-plane  orientation  of  the  KNb03  thin  films,  a 
pole  figure  rotation  stage  in  combination  with  an  x-ray  diffractometer  was  used. 
This  apparatus  has  the  ability  to  probe  crystal  planes  which  are  not  parallel  to 
the  substrate  surface.  First,  (110)  pole  figures  were  constructed  for  the  KNbOi 
thin  films  and  a  representative  figure  is  shown  in  Fig.  7.  This  figure  makes  it 
clear  that  the  film  is  tilted  along  the  MgO  (lOO),  [010],  [T00|.  and  [0 10) 
directions.  Samples  deposited  by  both  ion  beam  sputtering  methods  exhibited 
this  behavior,  suggesting  that  the  tilt  is  a  substrate  influenced  characteristic  and 
is  not  related  to  deposition  method.  Lattice  tilt  is  a  well  known  mechanism  for 
accommodating  lattice  mismatch  between  film  and  substrate.  The  lattice 
mismatch  between  the  (001)KNbO3  and  { 100} MgO  planes  is  6.0%.  This 
mismatch  is  relatively  large  for  achieving  high  quality  heteroepitaxial  growth. 

In  addition  to  tilt,  low  angle  grain  boundaries  twinning,  and  inversion  domain 
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boundaries  have  been  observed  previously  in  KNb03  thin  films  grown  by  ion 


Nb 

|0 


Fig.  6.  The  orientation  of  the  orthorhombic  unit  cel!  of  KNb03  on  MgO(001 ). 


With  this  knowledge  it  is  probable  that  complete  in-plane  epitaxy  has  not  been 
achieved.  The  films  may  be  best  described  as  textured  with  in-plane  rotation. 

Due  to  the  large  lattice  mismatch  between  KNb03  and  MgO  the  films 
may  be  highly  strained.  Others  have  reported  the  growth  of  tetragonal  KNb03 
films[2|  which  may  be  a  result  of  .strain  in  those  films.  The  ( 1 10)  and  (220) 
reflections  of  orthorhombic  KNb03  match  closely  the  peaks  observed  for  the 
ion  beam  .sputtered  films  grown  in  this  study.  To  confirm  that  the  films  grown 
by  ion  beam  sputtering  were  indeed  orthorhombic,  the  pole  figure  rotation  stage 
was  used  to  rotate  the  samples  so  that  planes  which  are  not  parallel  to  the 
substrate  surface  would  reflect  in  the  standard  diffractometer  geometry.  In  this 
manner,  the  (131)  and  (311)  planes,  among  others,  were  identified  and  their  d- 
spacings  are  consistent  with  orthorhombic  KNb03.  Further,  these  planes  also 
exhibited  tilt  about  the  expected  positions  which  were  based  on  alignment  of  the 
[  1 10]KNbO3  and  (001  (MgO  directions. 
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Fig.  7.  (110)  pole  figure  for  a  KNb03  thin  film  deposited  on  MgO. 


OPTICAL  PROPERTIES 


The  indice.s  of  refraction  of  layer-by  layer  deposited  and  co.sputtered 
KNb03  thin  films  were  measured  using  the  prism  coupling  m-line  technique. 
The  mode  lines  appeared  relatively  sharp  as  shown  in  Fig.  8  which  shows  the 
measurement  of  a  layer-by  layer  deposited  film.  Both  types  of  films  supported 
TE  and  TM  guided  modes.  T^e  results  of  these  measurements  are  presented  in 
Table  11  along  with  the  indices  of  bulk  KNb03  for  orientations  whicn 
correspond  to  the  guided  modes.  The  film  indices  for  TE  modes  should  be 
compared  to  the  (001)  and  (1  1 0)  indices  of  bulk  KNb03,  2.3291  and  2.2242, 
respectively,  since  these  are  the  major  and  minor  axes  of  the  index  ellipsoid  in 
the  plane  of  the  film.  If  the  films  were  single  crystal,  both  values  should  have 
been  observed  as  the  films  were  rotated  90  degrees  during  the  measurements. 
This  birefringence  was  not  observed,  however.  Instead,  the  measured  TE 
indices  match  closely  with  the  average  of  the  bulk  (001)  and  (1 TO)  indices.  The 
fact  that  birefringence  was  not  seen  in  the  TE  measurements  supports  the 
conclusion  that  the  films  are  textured  with  in-plane  rotation  as  stated  above. 
However,  strain  effects  and  twirming  could  also  account  for  the  lack  of 
birefringence  in  the  TE  index.  The  TM  indices  of  both  types  of  ion  beam 
sputtered  films,  on  the  other  hand,  are  in  good  agreement  with  the  expected 
(110)  bulk  index. 
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Fig.  8.  Guided  mode  spectrum  for  an  ion  beam  sputter  deposited  KNb03  film. 


Table  II.  Refractive  indices  of  thin  films  and  bulk  KNb03, 


Film 

Substrate 

Mode/Orientation 

Refractive  Index 

Layer-by-layer 

MgO 

TE 

2.2856,+. (XX)3 

TM 

2.2021±.0012 

Cosputtered 

MgO 

TE 

2.2207±.0041 

TM 

2.1975±.0046 

Bulk  KNb03 

(001) 

2.3291 

(110),(1  10) 

2.2242 

A  fiber  probe  was  used  to  measure  the  optical  propagation  loss  in  the 
KNb03  films.  A  large  degree  of  scattering  prevented  the  measurement  of 
propagation  loss  in  the  films  using  the  fiber  probe.  As  discussed  earlier, 
microstructural  features  such  as  grain  boundaries  and  interface  roughness  can  be 
major  contributors  to  scattering  loss.  The.se  features  are  found  in  the  sputtered 
films  and  must  be  controlled  in  the  future  to  yield  low-loss  waveguides. 


SUMMARY 


ITiin  films  of  KNbO?  were  fabricated  by  ion  beam  sputtering  using  both 
layer-by-layer  and  cosputtering  ion  beam  deposition  methods.  Both  methods 
have  demonstrated  good  compositional  control  and  stoichiometric  KNbO.t  thin 
films  have  been  produced.  However,  in-plane  epitaxy  is  necessary  to  achieve 
efficient  SHG  in  a  thin  film.  To  investigate  the  in-plane  epitaxy  of  the  films  a 
pole  figure  rotation  stage  in  combination  with  a  standard  x-ray  diffractometer 
was  used.  The  results  of  this  study  .show  that  the  KNbO^  films  are  tilted  1  - 1 .5  ’ 
about  the  substrate  nomial  along  the  MgO  cubic  directions.  This  is  an 
indication  that  the  films  are  textured  with  in-plane  rotation.  The  refractive 
indices  of  the  thin  films  were  measured  using  the  prism  coupling  m-line 
technique  and  compare  favorably  with  bulk  values.  Birefringence  was  observed 
between  TE  and  TM  modes,  but  was  not  observed  in  TE  measurements  at  90° 
supporting  the  conclusion  that  the  films  are  textured  and  true  in-plane  epitaxy 
has  not  been  achieved.  Further  work  to  understand  the  relationships  between 
growth,  microstmcture,  and  lo.ss  mechanisms  is  needed  to  achieve  a  thin  film 
material  suitable  for  an  efficient  SHG  device. 
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ABSTRACT 

Cryslalline  quality  ol  BaMgR  lilms  grown  on  Pl'MgO,  Si.  anil  (laAs  Mihsiralcs  either 
by  solid  pha.se  erystalli/ation  (SPC')or  by  molecular  beam  epitaxy  (MBL)  has  Ireen  insesugaied 
In  the  SPC  method,  the  tilms  are  deposited  typically  at  in  amorphoies  state  and  subsequeniU 

crystallized  at  temperatures  higher  than  5II0'('.  It  has  been  lound  Itom  .\-rav  dilltaeiii"i 
analysis  that  (()10)-oriented  lilms  are  grown  on  the  three  substrates  by  the  SPC'  method,  while 
that  (Oil)-  and  ( I20)-oriented  lilms  are  grown  on  respeetise  (100)-  and  (III  )-oriemed  substrates 
ol  Si  and  GaAs.  when  the  MBL  method  is  used  at  substrate  temperatures  around  5IHI  These 
results  show  that  the  sponianeous  polarization  which  is  generated  along  a-a\is  ol  a  BaMgl 
ervsla:.  is  not  parallel  to  the  Tilm  surTaee,  only  when  the  lilms  are  crown  on  ( 1 1  I )  subsirales  In 

MBE. 


INTRODUCTION 

Recently,  it  has  become  important  to  Torm  lerroeleeirie  thin  hints  direeils  on 
.semieonduelor  substrales  Trom  a  Mcw-pomt  ol  labriealion  ol  ninel  eleeiron  desiees  siieh  as 
nonvolatile  memory  LLTs  (held  cTleel  transistors)  1 1 1-|(>|  or  adaptise-learning  I  T  I  s|'' ),  .-ViualK . 
rerroeleelrie  Si  FItTs  have  been  Tabrieated  using  such  oxide  hints  as  Hi.'Ti.O  1IH'|. 
Pl.Z'l'(Ph,La  ,/.r,'ri  ,0,)|-*|-  tmd  l.iNbOJ<>|.  However,  eleetrieal  properties  ol  the  dev  ices  .ire 
still  msullieient  Tor  practical  uses,  mainly  due  to  existence  ol  the  interlace  slates  between  the 
Dims  and  Si  substrates,  and  due  tt>  mterdilTusii'n  ol  eonslitulion  elements.  On  the  other  h.ind.  it 
has  been  reported  that  the  interlace  electrical  propi'rties  between  lluoride  insul.iior  hints  and 
semieonduelor  substrates  are  excellent  in  such  struelures  as  C'aF,Si(  1  )  I  )|  S).  (('a.Sr)T  , 

/OaAs(l  I  l)|V|.  and  GaFi/sullur-trcated  GaAs(l(K))|  10|.  We  speculate  Trom  lhe.se  results  ih.it 
use  ot  lerriK'leetrie  lluorides  such  as  BaMgFJ  I  1 1  is  elleetive  to  avoid  the  inieilaei  stale 
problem  and  to  realize  the  eleeiron  devices  with  exeelleni  lerroeleeirie  semieonduelor  struelures 
Ba.MgFj  is  an  orthorhombic  crystal  with  lattice  parameters  ol  a=(l.,5Slnm.  ba  |  4.s  Inni, 
and  eriO.dl.Tnni.  Some  pioneering  studies  on  the  Tormaiion  ol  BaMgF,  hints  h.ive  been  done 
by  S.Sinharoy  et  al|  I2|,|  I.T|.  I  he  crystal  has  the  spontaneous  polarization  P,  along  a-a\is  and 
Its  value  IS  reported  to  he  S.snC.'em  1 12).  However,  it  has  Iteen  reported  that  the  P,  value  lor 
polyerystalline  Tilms  which  were  deposited  at  2.5(TC'  and  sub.sequentiv  annealed  at  (till) C  is 
only  1.6(iC/em’  along  a  direction  perpendicular  to  the  film  surlaec)  12).  The  origin  ol  the  small 
P,  value  is  eonsidered  due  to  a  Tael  such  that  the  films  are  composed  ol  the  randomly  oriented 
ery.stallite.s  and  consequently,  only  a  part  of  eryslalliles  contribute  to  the  polarization  perpendicular 
to  the  film  surface.  In  this  paper,  we  investigate  the  erysialline  quality  of  BaMgFj  films 
lormed  on  Pl/MgO.  Si  and  GaAs  substrales  by  changing  the  substrate  orientations  and  the 
growth  conditions. 


EXPERIMENTAL  PROCEDURE 

Preparation  of  substrates 

In  the  experiment,  BaMgF^  films  were  deposited  on  Pl/MgO,  Si,  and  GaAs  subsirales. 
Pt/MgO  substrate  was  prepared  by  depositing  (l(K))-orienled  Pi  films  on  MgO(l()())  wafers  at 
64()°C  using  an  electron  beam  evaporation  method.  The  prc.vsure  during  deposition  of  Pi  films 
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was  kept  in  the  range  Irom  1)  4  li>  Jxll)’‘Pa  am)  l)ieir  lliiekness  was  ahtuii  l^Dnni.  In  ease  ,'l  Si 
sufistrales,  n-lype  ( 1  (1(1)-  and  (ill  )-t'tiented  single  eryslal  waters  were  used.  They  w  ere  Is  sled 
in  iirganie  sdlvenis,  eleaned  using  Shiraki  nietliiid|  1 4).  and  loaded  in  a  saeuum  ehamhei 
GaAs  wafers  with  (100)  and  (111)  orientations  were  also  used.  1  hey  were  eheniie.ilK  e  lehed 
with  sH.SOj.H.Oeli.O  solution  and  immersed  m  (NIIj^,  solution  lor  IS  mm  to  passivate  ihe 
surfaces  hy  sulfur  atoms.  Since  it  has  lieen  reported  that  oxidation  of  GaAs  surlaees  is 
prevented  by  the  sulfur  passivation  proeess||s|,  process  is  eonsidered  to  he  elleetive  lor 
epitaxial  growth  of  Ifuoride  films. 

F'ormalion  of  the  lluonde  films 

BaMgFj  films  were  lormed  on  Pl/MgO,  Si,  and  GaAs  substrates  either  hy  solid  phase 
cryslalli/ation  (SPC)  or  hy  molecular  beam  epitaxy  (MBF).  I  he  .source  malerial  lor  evaporation 
was  polyerystalline  BaMgF,  grains.  They  were  prepared  by  mixing  BaF.  and  VIgF  powders 
with  purity  and  by  healing  at  lOOD'C  lor  Ih  in  N.  atmosphere.  In  ihe  SPG  method,  the 

films  were  deposited  lypieally  at  .lOtPO  in  amorpht'us  stale,  and  annealed  at  temperatures 
higher  than  ,‘'t)()"r  for  l.^min  lor  erysialli/ation.  A  base  pres.vure  ol  Ihe  deposition  ehambei 
was  less  than  .‘ix  It)'  Pa.  In  the  MBf:  method,  Ihe  films  were  grown  at  temperatures  higher  lhan 
4IHPG.  A  ba.se  pressure  of  the  MBFAhamber  was  less  than  1x10  Pa. 

The  lluoride  films  on  Pl.'MgOflOO)  substrates  were  formed  only  by  the  SPG  method. 
Their  thiekne.s.ses  were  frt'nt  140  to  IbOnm.  Whereas.  Ihe  films  on  Si  and  GaAs  substrates 
were  formed  hy  both  SPG  and  MBE  methods.  In  ease  of  Si  substrates,  the  .salers  were  lirsi 
heated  in  vacuum  at  S50''C  for  40min  to  evaporate  surface  oxide  layers.  Then,  fluoride  lilms 
.f,‘'  to  1  20nm  thick  were  deposited  with  deposition  rales  ranging  from  0..s  to  2  nm  min.  In  ease 
of  GaAs  substrates,  the  substrate  temperature  was  simply  increased  to  a  deposition  leniperalure. 

C'baracleri^alion  ol  crystalline  quality 

Crystalline  quality  of  the  films  and  Ihe  epitaxial  relation  with  the  subsiraies  were 
analyzed  hy  X-ray  diffraction  (XRD)  analysis.  X-ray  pole  figure  meiisurement.  and  ihe  channeling 
measurement  in  Rutherford  back,scailering .spectrometry  (RBS)  w  ith  1.5MeV  He  ions 

RESULTS  AND  DISCI  SSION 

Sttlid  phase  crystallization 

Figures  1(a)  and  1(b)  show  XRD  pat'erns  of  the  films  formed  on  Pt/VlgO(ll)())  and 
Si(IOO)  substrates.  The  thicknesses  of  the  fluoride  films  on  Pt.MuO  and  Si  substrates  are 
IbOnrn  and  lOfmm.  respectively.  The  lluoride  films  weie  deposited  at  -OO’C  on  both  substrates 
and  annealed  at  60<)°C  on  Pt/MgO  or  at  .‘'(I0°C  on  Si.  We  can  see  Irom  these  figures  that  the 
diffraction  peaks  in  both  samples  are  only  from  (OlO)-orienied  Ba.VIgF),  crystallites  in  the  films, 
expect  for  those  of  the  substrates.  Figures  2(a)  and  2(b)  show  the  20  riKking  curve  of  BaMgF. 
(040)  peaks  in  these  samples.  The  FWHM(full  width  at  half  maximum)  value  is  0.7  in  the 
film  on  Pt/MgO(l00).  while  it  is  about  .1.2°  in  the  film  on  Si(lOO).  We  can  see  from  these 
results  that  the  preferred  orientation  of  crystalliles  is  much  stronger  on  Pt/AlgOl  100)  subsiraies. 
It  has  also  been  found  that  crystallites  in  the  films  on  Si(l  I  1),  GaAs(IOO),  and  GaAs(l  1  I ) 
substrates  are  also  oriented  along  the  <0I0>  direction  and  their  FWHM  values  in  the  rocking 
curve  measurement  are  as  large  as  that  on  Si(IOO). 

Figure  ,1  shows  the  annealing  lime  dere-ndence  of  the  FWHM  values  of  BaMgFj(040) 
peaks  in  the  films  formed  on  GaA.s(l00)  substrates  by  the  SPC  method.  In  this  figure, 
"in-situ"  means  that  the  samples  were  annealed  at  f>00”C  in  Ihe  deposition  chamber  without 
breaking  vacuum,  while  "ex-situ"  means  that  the  vacuum  annealing  was  done  in  the  same 


315 


20  25  50  55  40  45  50  55  M) 
20  (degrees) 


deposiUon  ;  50()‘( 

.—  I  ..—I  ai 


annealing  :  500‘X’ 


10  20  50  40  50  60  70  SO 

20  (degrees) 


Fig.  1  X-ray  dilTraetion  palierns  of  Ihe  lluoride  hlms  lormed  on  (a)  Pi/MgCX  100)  and  (h) 

Si(  1 00)  suhslrales.  The  .samples  .shown  in  (a)  and  (b)  were  prepared  b\  depositing  at 
500°C  and  annealing  at  600°C  and  500”C,  respectively.  The  lilm  thicknesses  were  (a) 
I60nm  and  (b)  106nm. 


H  Id  12  14  It.  i.s 

0  (degrees) 


Fig.2  20  rocking  curves  o(  the  BaMgFj(040)  dillraction  peak.  The  .samples  shown  in  (a )  and 
(b)  are  the  same  as  those  in  Fig.  I  (a)  and  1  (b),  respectively. 


BaMgFyGaA.s(l(K)) 

Fig.5  Annealing  time  dependence  ol 
FWHM  values  of  BaMgF,(040) 
dillraction  peak,  which  were 
determined  by  20  rocking  curve. 
The  films  were  deposited  at  50t)"t' 
on  GaAs  (100)  substrates  and 
annealed  at  600°C. 


ffl  0  5  10  15  20  25  .50  55 
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chamber  after  the  samples  were  exposed  to  air.  We  can  see  from  this  figure  that  the  FWUM 
values  vary  from  V  to  9°  with  the  annealing  lime  and  annealing  conditions,  and  that  the  in-situ 
annealing  is  more  effective  in  the  preferred  orientation  of  crystallites.  We  can  afso  sc  from 
this  figure  as  well  as  the  result  on  X-ray  iniensiiy|  I6|  that  an  annealing  lime  of  ISmin  is  long 
enough  to  complete  crystallization  of  the  film  in  the  SPC  process  at  6IK)“C.  We  have  to  note, 
however,  that  .strongly  (()l())-oriented  BaMgF^  films  do  not  show  the  spontaneous  polarization 
in  the  surface  normal  direction. 


Molecular  beam  epitaxy 


Figures  4(a)  and  4(b)  show  XRD  patterns  for  BaMgF^  films  grown  on  Si(ll  1)  and 
GaA.s(l  1 1)  substrates,  respectively.  Growth  temperatures  on  the  respective  substrates  were 
510°C  and  4(K)°C,  and  the  film  thicknesses  were  about  60nm  and  2l)0nm,  We  can  see  from 
these  figures  that  the  diffraction  peaks  are  only  from  (12l))-orienied  BaMgFj  crystallites  except 
for  tho.se  of  Si  and  GaAs  substrates.  It  was  afso  found  that  the  preferred  orientation  of  the 
films  on  Si(lOO)  and  GaAs(lOO)  sub.sirates  was  (Oil).  These  results  clearly  show  that  the 
crystallite  orientations  in  the  films  are  strongly  affected  by  the  substrate  orientation  in  ease  of 
MBE. 

Crystalline  quality  of  the  films  on  Si  substrates  was  further  investigated  using  XRD 
analysis  and  RBS.  It  was  found  from  the  X-ray  intensity  measurement  that  the  optimum 
growth  temperature  of  the  films  was  about  500*C  for  both  (1 1 1)  and  (100)  substrates.  The 
X-ray  rocking  curve  measurements  were  also  done  for  these  .samples,  which  revealed  that  the 
FWHM  value  for  the  BaMgF4(120)  peak  in  a  film  on  Si(l  1 1)  substrate  was  about  0.6°.  while 
the  value  for  the  BaMgF4(0ll)  peak  on  Si(lOO)  was  about  0.67°.  We  estimate  from  thc.se 
values  and  the  rc.solulion  of  the  diffractometer  that  the  .spreads  of  cryslallile  orientations  in  the 
films  are  about  0.5°. 

Figure  5(a)  and  5(b)  show  RBS  random  and  aligned  spectra  lor  the  fluoride  films 
grown  on  both  Si^OO)  and  (111)  substrates,  respectively.  Wc  can  sec  from  Fig.  5  that  the 
channeling  minimum  yields  (Xm,J.  which  is  defined  as  the  ratio  of  the  aligned  yield  for  a  Ba 
peak  to  random  yield,  is  about  0.75  in  a  film  grown  on  a  Si(l(H))  substrate,  while  it  is  about 
0.55  in  a  film  on  a  Si(l  1 1)  substrate.  Thc.se  results  .show  that  the  <01 1  >  and  <120>  a.xes  in  the 
films  are  well  aligned  to  the  surface  normal  <100>  and  <1 1 1  >  axes  of  the  substrates,  respectively  . 
It  is  interesting  to  note  that  relatively  gtxid  epitaxial  alignment  holds  between  two  materials 
with  completely  dissimilar  crystal  structures. 

Finally,  X-ray  pole  figure  measurements  were  conducted  in  order  to  determine  the 
epitaxial  relation  around  the  surface  normal  axis.  The  figures  for  the  <040>  axes  in  the  films 
on  Si(lOO)  and  (1 1 1)  substrates  showed  four-fold  and  six-fold  patterns,  respectively,  which 
means  that  the  azimuthal  directions  of  crystallites  arc  determined  according  to  the  substrate 
symmetry.  The  obtained  epitaxial  relations  were  BaMgFJ  100|//Si|0 1 1  ].  Si|0IT|,  Si|0Tll, 
and  Si|0TT|  for  a  film  on  Si(lOO)  and  BaMgFJ001)//Sil01T).  Si|0TlJ.  Si|T01J,  Si|10Tj, 
Si|T10|,  and  Si[  1T0|  for  a  film  on  Si(ll  1),  These  relations  are  schematically  shown  in 
Fig.6. 


CONCLUSION 

Epitaxial  growth  of  BaMgF,  films  on  Pt/MgO.  Si,  and  GaAs  substrates  was  attempted 
using  .solid  phase  crystallization  (SPC)  and  molecular  beam  epitaxy  (MBE)  methods.  The 
main  results  tibtained  through  characterization  by  XRD  analysis.  X-ray  pole  figure  measurement, 
and  RBS  arc  as  follows. 

( 1 )  BaMgF^  films  formed  on  Pt/MgO.  Si,  and  GaAs  substrates  by  low  temperature  deposition 
followed  by  high  temperature  annealing  (SPC)  showed  the  strong  (010)  preferred 
orientation  along  the  surface  normal  direction.  The  strongest  preferred  orientation  was 
observed  in  a  film  on  Pt/MgO(  100)  substrate. 


GaAs(lll) 

Ts:4()0°C 


20  (degrees)  20  (degrees) 

Fig.4  X-ray  dilTraction  patterns  of  the  fluoride  films  grown  on  (a)  Si(  1 1 1 )  and  (b) 
GaAs(  111)  substrates. 


Fig.5  RBS  random  and  aligned  spectra  for  BaMgFj  films  on  (a)  Si(l(K))  and  (b)  Si{  1 1 1) 
substrates.  The  samples  shown  in  (a)  and  (b)  are  the  same  as  those  in  Fig.4(a)  and 
4(b).  respectively. 


IfaMgl  jIbl  l|  li,.Mf;l  dl.:iO| 


^  I'HIII  1 1110) 


Fig.6  Schematic  illustration  of  the  epitaxial  relation  between  BaMgFj  crystallites  and  Si 
substrate.  The  orientations  ot  Si  substrates  are  (a)  (1(H))  and  (b)  (111).  The  size  i>l 
the  boxes  is  proportional  to  the  projection  of  the  unit  cell  length. 
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(2)  The  spread  ol'erystallile  orientations  in  BaMgF^  films  on  GaAs  (HKi)  substrates  changed 
by  the  annealing  time  and  annealing  conditions  in  the  range  from  3°  to  9°. 

(3)  (01  l)-oricnled  epitaxial  films  were  grown  on  (100)  substrates  of  Si  and  GaAs,  while 
(120)-oriented  lllms  were  grown  on  (1 1 1)  substrates  of  Si  and  GaAs,  The  optimum 
temperature  for  the  growth  on  Si  substrates  was  about  StXrC. 

(4)  The  channeling  minimum  yields  in  RBS  for  BaMgFj(llK))  films  on  Si(  100)  and  (120) 
films  on  Si(l  1 1)  were  0.75  and  0.55.  respeetively.  The  epitaxial  relations  around  the 
surface  normal  axis  were  also  determined  by  X-ray  pole  figure  measurement. 

(5)  In  case  of  a  BaMgFj(l20)  film  on  Si(l  1 1),  a-axis  in  a  crystallite  is  5r-off  from  the 
film  surface  and  the  spontaneous  polarization  along  the  surface  normal  direction  of  the 
film  (P.sinS  r  )  is  expected  to  be  abtsm  6.6nC/cm’,  it  the  P_  value  lor  a  bulk  crystal  is 
a.ssumed. 
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ABSTRACT 

Ferroelectric  and  dielectric  properties  were  measured  for  BaTiO,  thin  tilnis  prepared  by 
inctalorganic  chemical  vapor  deposition  which  were  highly  a-axis  textured  No  ferroelectric 
hysteresis  was  observed  from  the  as-deposited  BaTiO  j  films  on  Pt  coated  MgO  Lpon 
applying  an  electric  field  exceeding  a  threshold  electric  field.  E,  -  50  -  100  kV7cm.  a 
ferroelectric  hysteresis  was  observed.  A  spontaneous  polarization  P,,  >  I  .s  pC'/cm-  was 
measured  for  the  textured  films. 


INTRODUCTION 

The  realization  of  ferroelectric  thin  films  for  electronic  applications  such  as  nonvolatile 
memories  and  dielectric  thin  films  relies  on  the  growth  of  high  quality  films  on  conducting 
substrates.  While  epitaxial  growth  of  BaTiOi  thin  films  on  insulating  substrates  such  as  La.AKf  ■, 

and  SrTiO,  has  been  reportcd[  l,2|.  the  film  deposition  on  metallic  substrates  has  been  generally 
less  successful.  To  date,  only  deposition  of  randomly  oriented  BaTiO,  films  on  metallic 
substrates  were  reported  using  melalorganie  chemical  vapor  deposition  iMOCVDi.  In  this 
paper,  we  report  the  successful  growth  of  highly  a-axis  te.xtured  BaTiO,  thin  films  on  Pt  coaled 
MgO.  and  their  measured  ferroelectric  and  dielectric  properties. 


EXPERIMENTAL  PROCEDURE 

The  BaTiOi  'bin  film  deposition  process  was  similar  to  that  reported  earlierl  1  ].  A  Pt  layer  of 
~  1  pm  thick  .1.  sputtered  on  ( 100)  MgO  substrates.  A  BaTiO  -  thin  film  was  subsequentlv 
deposited  on  h  \ ,  MOCVD.  Both  a-axis  textured  and  randomly  oriented  BaTiO,  films  were 
obtained.  The  ic  -tured  films  were  obtained  only  on  the  highly  (  RK))  te.xtured  Pt  layer  The  film 
thickness  is  in  the  range  of  0..f  -  I  0  pm.  For  electrical  characterization.  Al  dots  of  .f,S()  pm 
diameter  were  evaporated  on  to  the  film  which  served  as  the  top  electrical  contacts.  Part  of  the 
film  was  etched  away  to  expose  the  Pt  bottom  electrode.  Fig.  1  shows  the  sample  configuration 
for  the  electrical  properties  measurement-  The  ferroelectric  hysteresis  of  the  film  w  ;is  metisured 
using  a  modified  Sawyer-Tower  circuit[3|  with  a  600  Hz  sinusoidal  applied  field.  The  dielectric 
properties  were  measured  using  a  computer  interfaced  Hewlett-Packard  impedance  analyzer.  ,\ 
DC  bias  voltage  was  applied  across  the  film  through  a  voltage  source  also  controlled  by  the 
computer.  The  amplitude  of  the  AC  signal  used  for  the  impedance  measurement  was  20  mV. 
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I'ig.  1.  Sample  coiilijniratiim 
li)i  eleeliKa)  measmcinenl^ 
on  Ba'I'K),  thm  Hlms 


RKSm.TS  AND  DISCISSIONS 


Fig  2  is  a  \-ray  clilTiaclion  0/29  scan  ol  a  highly  a  axis  lexlured  BaTiO.,  Iilm  The 
slrongesl  dillraelion  peaks  were  from  ( lOOl  and  (2(K))  BaTiO  s  relleelions.  The  (  I  10)  or  j  101  | 
relleclions  were  very  weak,  indiealint!  a  highly  preferred  orienlaiion  of  die  film  w  ith  die  a  axis 
aligned  parallel  to  the  film  normal  The  average  grain  si/e  of  the  rdni  is  ~  0.2  pm  as  determined 
Irom  the  siirfaee  morphology  using  scanning  eleelron  iiiieroseopy  and  alomie  force  imeioseops 
Fig.  shows  the  measured  frepueney  dependenee  of  the  film's  dielectric  constan:  .md 
dissipation  factor  in  the  frequeney  range  of  200  H/  to  I  MH/.  I  he  dielectric  coiislaiil.  f  '  10. 
measured  for  the  as-deposited  films  was  low  compared  to  the  values  for  bulk  Ba'l  id-.  single 
crvstals  (t;,  ~  200  and  e,  -  40(K))  |4|  and  that  reported  for  BaTiOj  thin  lilnis  if  -  100  -  .^.sOi 
l-'i.ft,?!.  The  measur  1  dissipation  factor.  D  0  (l.T  showed  little  dis(x.‘isioii  over  the  iiieasured 
trequeney  range,  fhe  as-deposited  film  generally  exhibited  no  observable  lerroeleeti le 
hysteresis. 
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Fig.  2.  X-ray  diffraction  0  /  20  sctin  of  a 
BaTiO,  thin  film  deposited  on  Pt  coated 
.MgO  substrate. 


Fig.  .3.  Dielectric  constants  measured  from 
the  as-deposited  film,  and  after  F  >  Fi  w.is 
applied  across  the  Film 


After  a  DC  electric  field  exceeding  a  threshold  eleelrie  field.  F,.  was  applied  across  the  film, 
the  dielectric  constant  increased  substantially,  usually  by  one  order  of  magnitude  to  c  ~  100 
(Fig. .3)  Concurrently  the  dissipation  factor  increased  to  D  ~  0.1.  Nevenhlcss  the  film  remained 
highly  resistive.  The  increased  dissipation  factor  corresponded  to  a  resistivity  of  .300  MU  cm 
across  the  filin.  This  was  in  agreement  with  the  directly  measured  film  resistance  The  dielectric 
constant  remained  at  this  value  after  withdrawing  of  the  applied  DC  field  E,  measured  for 
different  films  and  contacts  ranged  from  -  50  -  100  kV/cm.  Also  plotted  in  Fig.  3  is  the  film's 
dielectric  constant  and  dissipation  factor  measured  at  zero  bias  voltage  after  E  >  E,  was  applied. 


321 


A  lenoeleclni.'  hysicrcMs  was  obscrvcil  allcr  the  ihresholU  licld  was  cxtcciJcd  l  ij:  4  shows  ihc 
iiicasiirt'd  uncompensatL’d  hyslcrcsis  Unip  Idr  an  a-axis  textured  filiii  allei  an  eleelnc  field,  \  >  I-, 
was  applied  The  hysieresis  was  iibtained  at  the  ntaxiniuin  amplitude  ot  the  sinusoidal  \ollaee 
source  Due  lo  the  extremely  high  coersice  eleciric  field  of  the  film,  saiuraiioti  olThe  hysieresis 
was  not  observed  as  indiealed  by  the  sltghtly  rounded  shape  of  the  hysteresis  hnip  The  rounding 
of  the  hysteresis  before  saturation  was  also  observed  m  the  randomly  oriented  film  where  the 
eoersive  field  was  much  lower  and  saturation  can  be  reached  From  the  hysteresis  alter  ti  >  li, 

w  as  applied,  the  values  of  spontaneous  polarization  P,  >  !  .‘i  pt'/emT  remanent  [xilari/ation  P,  - 
I pC  /cm-,  and  eiK'reive  eleelrie  field  -  220  kV  /cm  were  determined  I  l  or  eomparison,  the 
reported  values  for  bulk  single  crystal  BaTiO,  are  P,  ~  2b  p(7em-  and  '  5  kV  /em)|4| 


Fig.  4.  Ferroeleetrie 
hysteresis  measured  after 
an  elcetrie  field  Fi  >  E, 
was  applied  across  an  a- 
axis  textured  BaTiOi  thin 
lilm. 


The  measured  eleelneal  properties  can  be  related  lo  the  cry  sialhne  siruelure  ol  the  Ba  TiO;  thin 
film.  For  the  a-axis  textured  film,  the  e-axis  lies  m  the  film  plane  fhe  depolan/aiion  energy 
arising  from  the  lattice  dipole  interaction  favors  the  e-a.xis  of  the  dilTcrcnl  grams  being 
■'randomly"  oriented  in  the  film  plane.  This  e-axis  orientation  eonfiguration,  combined  w  ith  the 
strain  and  the  fine-grain  structure  of  the  film,  may  contribute  to  the  low  dielectric  etinstant  and 
the  lack  of  ferroelectric  hysteresis  observed  from  the  as-deposited  BaTifd,  thin  films|K). 

I'pon  poling  w  ith  an  external  eleelrie  field,  the  lattice  dipoles  in  the  ferroelectric  crystals  are 
aligned  to  the  field  direction.  For  bulk  BaTiOi,  poling  was  achieved  w  ith  moderate  electric  fields 
(O.."!  -  2  kV  /cm)  near  the  Curie  tcmperatiire|')|.  The  change  of  the  dielectric  constants  of  BaTiO- 
films  as  illustrated  in  Fig.  can  be  attributed  to  the  poling  of  the  film  Due  to  the  small  film 
thickness,  very  high  eleciric  field  (orders  of  magnitude  higher  than  the  poling  field  of  the  hulk 
BaTiO^  I  could  be  applied  across  the  film,  thus  enabling  the  film  lo  be  poled  at  room  temperature 
At  the  threshold  field,  the  lattice  dipoles  were  aligned  by  the  eleciric  field,  resulting  in  the  c-a.xcs 
being  oriented  to  the  film  normal.  As  a  result  of  this  lattice  dipole  alignment,  relatively  high 
dielectric  constants  and  ferroelectric  hysteresis  loops  were  observed  after  the  threshold  field  w  as 
exceeded 

The  ferroelectric  and  dielectric  properties  measured  from  the  Ba  TiO ,  thin  films  depended  on 
the  film's  crystalline  structure.  Table  I.  lists  the  properties  measured  for  the  a-axis  textured  and 
the  predominantly  randomly  oriented  BaTiOi  thin  films  derived  from  iMOCVD  Also  listed  arc 
the  electrical  properties  of  the  BaTiO,  thin  films  reported  by  other  research  groups.  In 
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comparison,  ihe  charge  storage  parameters  (P^,  P,)  presented  in  this  \cork  Acre  the  hiehesi 
among  the  reponed  \ahies  tor  BaTiO,  thin  lilms  so  far 

Table  I  The  electrical  properties  of  the  MOC'VD  derived  BaTiO-,  ihm  films  and  Ihosc  rcporied 
by  other  research  groups. 


Method  substrate 

Crystal  Quality 

Properties 

RetcrcrKc 

MOeVD 

Pt 

a-axis  textured 

P.^  >  IS  pC/cni- 

This  work 

Pf  -  13  pC/cin- 
E^.  -  220  kV/cm. 
f-  1(K).  D-0(U  -0.l 

MOeVD 

Pi 

random 

P.,  -  16pC/cm- 
Pf  -  10  pC/cm- 
Ej.  -  70  kV/cm. 
c-  100.  D-O.O.^  -O.l 

This  work 

Reactive 

tICKfiPt 

(  KXf)  epitaxy 

Pj.  -  U  pC/cin- 

lijimaet.  al.  1940|5| 

evaporation 

Pj  -  4.7  pC/cm- 
f-.S.SOO  kHz).  D-OOl 

•OO-X 

r.r'. 

magnetron 

sputtering 

Pd 

random 

t  -  Itn)  .'.Hi 

Shi  cl.  al.  1991  lb| 

MOeVD 

NiCr/BaTiO,  random 

f  -  2.‘i0 

Kwakel.  al,  199I17| 

For  bulk  single  crystal  BaTiO,  :  P^  -  26  pC /cm- ,  Ej.  -  l  .'s  kV /cm.  -  2()().  t'.|  -  4(KX). 
from  Mcrz  el.  al,  19.‘i.414]. 


SUMMARY 

Flighly  a-axis  textured  BaTiO,  thin  films  were  deposited  on  the  Pt  coaled  MgO  substrates 
using  MOeVD.  Dielectric  and  ferroelectric  properties  were  measured  for  Ihe  films.  Upon 
poling  of  Ihe  film,  spontaneous  polarization  of  >  TX  pC/cm-  was  achieved  The  poled  filitis 
exhibited  polarization  parameters  comparable  to  that  of  the  bulk  single  crystal  BaTiO, 
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ABSTRACT 

Epitaxial  formation  of  KNbOs  films  on  several  substrates  was  examined.  The  films  were  pre¬ 
pared  by  a  sol-gel  process  using  potassium  ethoxide  and  niobium  pentaethmide  Hetero-epitaxial 
KNbOs  films  with  (100)  orientation  were  successfully  obtained  both  on  \1g(  i  ( 100)  and  SrTiOs 
( 100)  substrates  by  heat  treatments  above  700°C,  while  polycrystalline  K  '.in  )i  were  formed  on 
Si  (1 1 1)  substrates.  Higher  temperatures  and  extended  soaking  time  promoied  the  grain  growth 
of  KNb03  and  KNb03  films  with  improved  surface  morphologies  (smoother  surfaces)  could  be 
obtained  by  controlling  heat  treatment  parameters. 


INTRODUCTION 

Ferroelectric  materials  are  of  great  interest  for  their  wide  dielectric,  piezoelectric,  pyroelectric 
and  electro-optic  applications.  Among  these  materials,  due  to  its  high  electro-optic  and  non¬ 
linear  optical  coefficients  and  good  photorefractive  properties,  potassium  niobate  (KNbOJ)  has 
recently  received  attention  for  a  variety  of  applications,  such  as  optical  waveguides,  frequency 
doublers,  holographic  storage  devices  and  so  on,  1 1 1 

Conventionally,  solid-state  reactions  between  potassium  carbonate  and  niobium  oxide  powders 
were  used  for  preparing  potassium  niobate.  By  these  methods,  however,  it  is  difficult  to  obtain  a 
stoichiometric,  chemically  homogeneous,  single  phase  product  due  to  inhomogeneity  in  mixing 
of  the  reactants  and  preferential  volatilization  of  KzO  under  higher  processing  temperatures.  In 
addition,  thin  films  of  KNbOs  can  not  be  obtained  by  these  solid-state  reactions. 

The  sol-gel  method  is  a  promissing  chemical  technique  for  preparing  ferroelectric  films  since  it 
allows  for  excellent  homogeneity,  precise  composiiional  control,  lower  temperature  process,  re¬ 
producible  coating  thickness,  preparation  of  large  area  films  by  spin  coating  or  dip  coating,  and 
simple  and  inexpensive  equipment.  In  recent  years,  investigations  have  been  widely  done  for  sol- 
gel  derived  ferroelectric  thin  films,  such  as  BaTi03  (2,31,  PbTi03  (4-61,  PZT  (4,7.81,  PLZT  (4), 
LizBaOr  (9|  and  LiNb03  (10-14), 

Only  a  few  studies  have  been  reported  for  sol -gel  processing  of  KNbOs .  Wu  cr  ti/.  ( 1 5 )  prepared 
KNb03  powders  through  a  sol-gel  technique  using  potassium  ethoxide  and  niobium  ethoxide  as 
precursors,  but  they  did  not  succeed  in  obtaining  single  phase  KNb03.  They  observed  Nb-rich 
(potassium  deficient)  precipitates.  Swartz  el  al.  (161  used  potassium  methoxycthoxide  and  nio¬ 
bium  ethoxide  for  the  deposition  of  KNb03  thin  films  on  silicon,  alumina  and  single  crystal 
SrTiOs  substrates.  Although  highly  oriented  KNb03  (221)  films  were  formed  on  SrTiOs  (210), 
they  observed  unidentified  second  phases  in  the  all  films,  even  on  SrTiCto  substrates.  Amini  et  al 
(17)  fabricated  polycrystalline  single-pha.se  KNbOa  films  on  KBr  substrates  by  using  bimetallic 
alkoxides  (potassium  niobium  ethoxide  and  propoxide),  while  potassium  deficient  hydrate  phase 
(K4Nb60i7-3H20)  was  formed  on  fused  SiDz  substrates.  Cheng  el  al.  (181  prepared  KNbO.i  thin 
films  on  several  substrates  via  sol-gel  process.  Single  crystal  like  KNbOs  was  obtained  on 
SrTiOs  substrate,  while  polycrystalline  KNb03  was  formed  on  MgO  and  ZrOz. 

In  this  study,  epitaxial  formation  and  microstructural  evolution  of  KNbOs  films  by  a  sol  gel 
method  were  investigated  in  order  to  understand  the  effects  of  heat  treatments  (temperature,  time 
and  heating  rale)  and  substrates. 


EXPERIMENTAL  PROCEDURE 

For  the  preparation  of  KNbOs  films,  potassium  niobate  precursor  was  obtained  from  potassium 
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ethoxide  (K(OEt)  or  K(C2H50))  and  niobium  pentaelhoxide  (NbfOEiJs  or  NbiOHiOi'i) 
(Kojundo  Chem.  Lab.,  Japan)  in  a  dry  nitrogen  atmosphere.  Since  these  alkoxides  are  extremely 
sensitive  to  moisture  and  carbon  dioxide  1 1  .J).  the  whole  procedure  was  conducted  in  the  pure  dry 
N2  ambient.  Equal  molar  amounts  cf  each  alkoxide  were  dissolved  and  mixed  in  absolute  ethanol 
for  24h  at  room  temperature  to  form  a  0.05M  double  alkoxide  (KNb(OEt)6)  .solution  After  an 
additional  24h  stirring,  the  solution  was  concentrated  to  (),5M  at  room  temperature  by  using 
vacuum  distillation  method.  Dry  gel  powder  was  also  prepared  from  portion  of  the  solution  by 
removing  solvent  under  vacuum  at  room  temperature. 

Optically  polished  MgO  with  (10())  orientation  (Tateho/ACMC,  SC).  SrTiOs  ( 1(X))  (Commer¬ 
cial  Crystal  Inc.,  FL)  and  Si  with  (1 1 1)  (Virginia  Semiconductor,  VA)  were  used  as  substrates.  In 
a  dry  N2  environment  the  precursor  was  spin-coated  onto  6..J  x  6..J  x  0.5  mm  substrates  at  2(XK) 
rpm  and  dried  for  0.5h  at  room  temperature.  These  substrates  were  cleaned  in  an  acetone  ultra¬ 
sonic  bath  before  the  spin  coating  procedure. 

The  coated  substrates  were  then  heat-treated  for  ().5h  at  5(X)  to  S(X)“C  in  a  flowing  mixture  of 
water  vapor  and  oxygen  and  heated  funher  forO.5  to  lOh  in  a  dry  oxygen  atmosphere.  Two  kinds 
of  heating  schedules  were  adopted  to  examine  the  effect  of  the  heating  rates  on  the  morphologies 
of  the  films. 

Weight  losses  of  the  dry  gel  powders  were  measured  by  thermal  gravimetric  analysis  (TGA). 
Characterization  of  the  prepared  films  was  performed  using  X-ray  diffraction  method  (XRD), 
scanning  electron  microscopy  (SEM)  and  transmission  electron  microscopy  (TEM). 

RESULS  AND  DISCUSSION 

Effects  of  Heating  Parameters 

TGA  analysis  was  conducted  for  the  dry  gel  powder  of  the  precursor  between  room  tempera¬ 
ture  and  800°C  in  a  dry  oxygen  ambient  at  the  ramp  of  lO^C/m.  Weight  loss  bclov,  JIXFIT  oc¬ 
curred  slowly  with  two  maximum  rates  around  l(K)  and  2.M)°C.  A  large  weight  loss  tKCurred 
abruptly  at  3(X)°C.  while  only  a  small  weight  loss  was  ob.served  above  .3.50°C.  The  total  weight 
loss  up  to  800°C  was  53.4%  which  is  very  close  to  the  theoretical  weight  loss  which  occurs  going 
from  KNb(OEt)6  to  KNb03  (55.3%  loss).  Each  weight  loss  around  100,  230.  3(X)°C  and  above 
350°C  may  attribute  to  volatilization  of  water  and/or  alcohol,  to  decomposition  of  alkoxy  groups, 
to  decomposition  of  carbonates  and  hydroxides,  and  to  crystallization  of  the  powders,  respec¬ 
tively.!  14) 

Crystallization  temperature  was  determined  for  the  films  on  MgO  (1(X))  substrates  by  using  a 
X-ray  diffraction  method.  Heat  treatments  were  conducted  in  the  temperature  ranges  between 
400  and  800°C  for  1  to  lOh  with  the  healing  and  cooling  rates  of  l()°C/m  ("Rapid "  Heating 
Schedule:  HS-1).  No  peak  other  than  MgO  (200)  reflection  (20=42.9°)  was  found  up  to  5(X)°C, 
indicating  that  the  films  consist  of  amorphous  carbonates  or  hydroxides.  By  the  heat  treatment  at 
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Fig.l.  X-ray  diffraction  patterns  of  KNb03  films  on  (a)  MgO  ( 100)  and  (b)  SrTi03  ( I(X)) 
substrates  heal  treated  at  700’C  for  Ih 


Fig.2.  Scanning  electron  micrographs  of  KNbOs  films  on  MgO  ( 100)  substrates  heat  treated 
at  700'C  for  Ih  by  (a)  HS-1  and  (b)  HS-2 

600°C,  a  very  weak  and  broad  peak  of  KNbOj  (100)  (28=22.15°)  was  firstly  observed  from  the 
film.  Although  this  film  is  still  amorphous-like,  a  preferential  growth  of  epitaxial  KNbOt  (100) 
on  MgO  (100)  substrate  is  suggested  to  occur  during  crystallization.  Except  for  MgO  (200)  re¬ 
flection,  only  the  sharp  peaks  of  KNbOs  (l(X))  and  (200)  were  detected  from  the  films  heat 
treated  at  the  temperatures  above  700°C.  In  the  figure  1(a),  the  X-ray  powder  diffraction  pattern 
is  indicated  for  the  KNb03  films  on  MgO  (100)  fired  at  700°C  for  1  h.  Because  both  KNbOi  and 
MgO  have  the  same  crystalline  system,  cubic  (NaCl  structure  for  MgO  and  Perovskite  for 
KNbOi  at  higher  temperatures),  and  lattice  parameter  mismatching  between  them  is  relatively 
small  (within  4.7%)1 18|,  epitaxial  formation  of  KNbOi  (100)  has  been  performed  on  the  MgO 
(100)  substrate. 

Although  epitaxial  formation  of  KNbO)  was  obtained  on  MgO  by  the  heat  treatments  above 
700°C,  the  surfaces  of  these  films  were  very  rough  with  a  lot  of  defects,  such  as  nodules  and 
craters.  Scanning  electron  micrograph  of  the  cry.stalline  KNbOj  films  (.70°  tilted  surfaces)  hea' 
treated  at  700°C  for  Ih  (by  HS-1)  is  shown  in  the  figure  2(a).  The  film  is  covered  with  huge 
amounts  of  defects.  The  effect  of  the  heating  rates  on  the  morphological  changes  of  the  films 
were  examined  for  the  aim  of  obtaining  the  films  with  smoother  surfaces.  As  clarified  from  the 
TGA  analysis,  large  weight  losses  accompanying  a  large  amount  of  gas  generation  occurred 
mostly  from  the  room  temperature  to  300°C  and  there  was  a  very  small  weight  loss  (little  gas 
generation)  above  3()0°C.  Thus,  a  modified  heating  schedule  ("Slow”  Heating  Schedule  :  HS-2) 
in  which  heating  rates  were  2°C/m  from  R.T.  to  300°C,  5°G'm  from  300  to  5(X)°C  and  25°C/m 
from  500°C  to  the  final  temperatures,  was  adopted.  Scanning  electron  micrograph  of  the  KNbOt 
film  on  MgO  substrate  heat  treated  at  700°C  for  Ih  by  HS-2  is  compared  in  the  figure  2(b).  It  is 
obvious  from  the  figure  that  a  defect-free  KNb03  film  with  improved  surface  was  successfully 
obtained  by  changing  heating  schedule.  Slower  heating  rate,  especially  at  the  lower  temperatures 
up  to  300°C,  drastically  prevented  the  defect  formation  on  the  films  by  decreasing  gas  generating 
speed  within  the  films. 

By  fixing  the  heating  schedule  (HS-2)  and  soaking  time  (Ih),  the  effect  of  heat  treatment  tem¬ 
peratures  on  the  microstructural  evolution  of  KNbOs  films  was  investigated.  In  the  figure  3. 
scanning  electron  micrographs  of  KNbOs  films  on  MgO  (100)  substrates  heat  treated  at  (a)  600, 
(b)  700  and  (c)  750°C  for  Ih  by  HS-2,  are  shown.  The  film  fired  at  600°C  (figure  3(a))  exhibits  a 
relatively  smooth  surface  with  a  thickness  of  0.1 -0.2dm.  With  increasing  heat  treatment  tempera¬ 
ture,  the  surface  roughness  of  the  film  becomes  larger  due  to  the  grain  growth  with  a  direction 
perpendicular  to  the  substrate  surface.  Only  1100|  reflections  appear  in  the  X-ray  diffraction 
pattern  even  after  these  grain  growth. 

Under  the  fixed  heat  treatment  conditions  of  700°C  by  HS-2,  soaking  time  was  varied  in  the 
range  of  1  to  lOh.  No  phase  was  detected  other  than  KNb03 1 100|  and  MgO  (200)  reflections  by 
changing  soaking  time  from  the  films  on  MgO  (100)  substrates  heat  treated  at  7(X)°C.  Neverthe¬ 
less,  grain  growth  was  akso  observed  in  the  KNb03  films  as  .soaking  time  increases.  In  the  figure 
4,  morphological  changes  (SEM  photographs)  are  indicated  for  the  KNb03  films  on  MgO  heat 
treated  at  700°C  for  (a)  I ,  (b)  5  and  (c)  lOh.  It  is  clear  from  the  figures  that  the  extended  soaking 
time  promoted  the  grain  growth  of  KNb03. 

Cross  section  TEM  images  and  electron  diffraction  patterns  of  KNb03  films  on  MgO  (1(X)) 
heat  treated  at  750'C  for  (a)lh  and  (b)5h  are  compared  in  the  figure  5.  In  the  film  fired  for  Ih,  an 
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amorphous  like  grain  (Fig.5(a),  B)  was  slill  observed  on  MgO  substrate  (C)  along  with  crystalline 
grain  (A)  of  cubic  KNbOo.  A  lot  of  bubbles  were  found  in  the  amorphous  like  grain,  which  may 
indicate  that  the  final  stage  of  pyrolysis  (gas  generation),  crystallization  (hetero-epitaxial  growth) 
and  densification  occur  in  the  film  simultaneously.  Extended  soaking  time  promoted  crystalliza 
lion  and  densification  of  the  films  and  a  dense  KNb03  film  was  obtained  on  MgO  substrate 
(Fig.5(b)). 

Effect  of  Substrate 

KNb03  films  were  prepared  on  Si  (1 1 1)  and  SrTiOJ  (100)  substrates  in  addition  to  MgO  (100) 


Fig.3.  Scanning  electron  micrographs  of 

KNb03  films  on  MgO  (100)  subsuates 
heat  treated  at  (a)  600,  (b)7()0  and 
(c)750'C  for  Ih  by  HS-2 


Fig,4.  Scanning  electron  micrographs  of 

KNbOs  films  on  MgO  (UK))  substrates 
heat  treated  at  7(X)  ‘C  for  (a)lh,  (b)5h 
and  (c)lOh  by  HS-2 
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Fig.5.  Cross  section  transmission  electron  micrographs  and  electron  diiTraction  patterns  of 
KNb03  films  on  MgO  (100)  substrates  heal  treated  at  750'C  for  (a)lh  and  (b)  Sh. 
and  (c)  on  SrTiOJ  (100)  substrate  at  7(X)‘C  for  1  h  by  HS-2 


by  the  heat  treatment  of  700°C  for  I  h  by  HS-2  in  order  to  examine  the  effect  of  the  substrate  on 
the  microstructural  development  of  the  films.  X-ray  powder  diffraction  pattern  is  shown  for  the 
KNbOs  film  on  SrTiOs  (100)  in  the  figure  1(b).  While  the  epitaxial  formation  of  KNbOt  was 
observed  both  on  MgO  (1(X))  and  SrTiOs  (100)  substrates,  a  series  of  peaks  corresponding  to 
KNbOa  reflections  along  with  Si  (1 1 1 )  and  (222)  were  detected  from  the  film  on  Si  ( 1 1 1).  Silicon 
(crystalline  form  :  cubic)  has  a  much  larger  lattice  parameter  (.S.4.10A)  than  KNb0.i  (4.()1.‘'A)  to 
lead  the  polycrystalline  KNbOa  formation  due  to  the  huge  lattice  parameter  mismatching  be¬ 
tween  them.  The  surface  morphologies  of  KNbOa  films  heat  treated  at  7(X)°C  for  1  h  (HS-2)  on 
(a)  Si  (1 1 1)  and  (b)  SrTi03  (100)  substrates  are  compared  in  the  figure  6.  In  the  film  on  Si  ( 1 1 1 ) 
substrate,  innumerable  number  of  KNb03  powders  (grains)  in  size  of  0.1 -0.2  pm  were  dispersed, 
which  resulted  in  creating  the  rough  surface,  while  the  film  with  very  smooth  surface  was  ob¬ 
tained  on  SrTi03  (100).  Because  lattice  parameter  mismatching  between  KNb03(a=4.()15A)  and 
SrTiOs  (Perovskite  structure,  a=3.905A)  is  very  small,  epila.-iial  formation  of  KNb03  has  been 
more  preferred  on  SrTiOa  substrate  to  lead  a  smoother  surface  of  the  film.  It  is  concluded  that 
phase  development  in  KNbOa  films  is  highly  dependent  upon  the  nature  of  the  substrate  and  that. 


Fig.6.  Scanning  electron  micrographs  of  KNbOs  films  on  (a)  Si  (1 1 1)  and  (b)  SrTiOt  (UK)) 
substrates  heat  treated  at  7()0"C  for  Ih  by  HS-2 
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for  the  purpose  of  epitaxial  formation,  the  substrate  with  smaller  lattice  parameter  mismatching 
should  be  preferable. 


CONCLUSIONS 

Hetero-epitaxial  KNbOa  films  with  (UK))  orientation  were  successfully  obtained  both  on  MgO 
(1(X))  and  SrTi03  (100)  substrates  by  a  sol-gel  method  using  potassium  ethoxide  and  niobium 
pentaethoxide. 

(1)  Crystallization  of  KNbOj  began  around  bOO^C  and  epitaxial  films  were  formed  on  MgO 
by  heat  treatments  above  700“C. 

(2)  KNbOs  films  with  defect-free,  smtxnher  suriaces  could  be  obtained  by  controlling  heat 
treatment  conditions.  Especially,  a  controlled  heating  schedule  was  very  effective  to  improve  the 
surface  morphologies  of  the  films  by  minimizing  gas  generating  speed  during  heat  treatments. 

(3)  Higher  temperatures  and  extended  soaking  time  promoted  the  grain  growth  of  KNbOv.  By 
controlling  heat  treatment  parameters,  KNbOs  films  with  smooth  surl'ace  could  be  obtained. 

(4)  Phase  development  and  microstructural  evolution  of  KNbOt  films  was  dependent  on  the 
substrate.  Polycrystalline  KNbOJ  were  formed  on  Si  (111)  substrates  with  KNbOt  powders 
(grains)  dispersed  in  the  films. 
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LOW  TEMPERATURE  PREPARATION  OF  BaTiO,  FILMS  ON  SILICON 
Ni.iC.  PilU'ux*  .iiiil  \  .M.  I'uenz-rtlijia' 

■  l  uivfrsidad  do  I'aruUad  tlo  (’i(*in'ias  HsH  as  y  Mat<-inal i<  as.  Di-part aiiu-iii u  tlo 

I'  isica.  (’asilla  187  d,  Santiago,  ('Idle. 

^  lu  wlioin  rorrospoiulrnn'  should  Im‘  ad<lrosst*d. 

ABSTRACT 

Insulating  UafiOj  thin  films  woro  ohtaiiu'd  on  fitaitium  roatc'd  silicon  wafers  usiiii! 
.1  novel  low  temperature  tecliidupie.  I'hey  were  produr<'d  liy^lro! heniially  hy  ini riKluciiui 
tlu'  substrate  in  a  O.’JoA/  Ra(011).»  s«j|ution  ifiside  an  auttjclave  aiul  healing  in  the  IMH) 
2’)l)'('  range  for  8  hours.  This  ireatnu'iil  <leliven“d  sinoolh  pinhole  ire<’  liliii'*  i»ii  ifie  li 
with  thicknesses  ranging  from  Tnnin  (2(H)‘(‘)  to  lonm  CJaO'C').  with  grains  in  l  lie  flit/ 
dOOnm  <liaiii('ter  range'  in  all  films.  I’lu'  lilms  e.xhihiled  a  <liele<'tri<  constant  up  to  JJT.  a 
hre.ikdown  heUl  of  70M\Ym.  and  a  tic  resistivity  of  I  •  !()'’l)m. 


INTRODUCTION 

Ih'cause  of  its  large  dielt'ctric  cmistant  ami  lei  roelet  1 1  ic  proper!  i«‘s.  hariuiii  tilanate 
is  an  impt>rtant  and  promising  material  f(»r  t  lie  fut urt' dt'vt'lopmt'ui  t>f  hyhrnl es  fot 
microelectronics  and  inlegralt'tl  t>ptoelet  l  ituiics.  For  the  <  tuist i m  i itui  td  «lynamii  ramhun 
access  memories  (  DUAMs)  a  h»w  temperature  film  tlept>sit  itm  pita  tslure  is  tlesiretl.  riiis  is 
because  of  strict  mati’rials  prexe'ssing  ce)mlilions  and  compatibility  with  standard  siliioii 
tedmology.  High  temperatures  (above  700T')  triggen  umh‘sir<d>le  eln'iinVaf  rea«ti(»ns 
Ix’iwex'u  the  film  and  the  silicon  substrate'.  Moreejve'r.  llu'y  may  snie*ar  out  existing 
deeping  prv)liles  from  earlier  proce*ssiiig  stage's. 

Most  chemical  processes,  like  che'inieal  vapor  ele*posit ieui.  sobge*l.  ami  melaloiganii 
eleposition.  nee'd  ati  in  situ  or  postele'pe>sit ieui  tre'atme'iit  of  at  le'ast  [l|.  (his  is 

also  true  for  vacuum  evaporation  ami  sputtering,  which  le'epnre'  at  le'ast  otID'f  ‘  for  tin' 
de'Ve’loprnonl  of  a  crystalline  mie‘re)st me  t nre*.  .An  impe>rlant  variation  is  the  lase'j  ablation 
metluxl.  whicli  in  principle'  dex’s  not  re'<|uii‘e'  lie'aiing  e>f  the*  sili<e>n  substrate'  at  all.  (i<»oel 
re'sults,  however,  rexjuire  a  substrate*  te'inpe'rat ure*  of  (iOOT’  [2]. 

.A  (•e)mplete!y  difTe'rent  a()proach  was  de*v<‘le»pe'<l  by  Aoshimura  ti.  wlu>  we're  able*  to 
grow  [)oly crystalline’  Ha  l  iO.j  on  t itaninni  eir  t it anium  e ove'ie'el  glass  am!  plast  ic  snbsl rate's 
using  tlie  livdrot he'rmal  methexl,  willumt  ix'e'el  of  a  pe)st<le|)e»silion  Ireatme'iit  [Aj.  The 
liyelrutliermal  prexedure.  which  can  be’  eT’ct roe  he’inically  assiste’el.  <e)nsis1s  ed  tbe  re'ae  tion 
betwexMi  lilanium  ami  a  Ha(OH);;  solution  at  te'iiipe’rat ure's  bele)W  AdO'C  (d.lj.  To  our 
knowledge,  this  is  the  only  me'tlioel  of  gre>wing  pe)lycryst allitie  Ha  liO  j  films  at  sue  h  lenv 
le-mperatures.  A  further  advantage  i>f  the  te’chnie)ue‘  is  its  pt»ssibilily  of  ceealing  obje'cls 
witii  an  irre’gular  ge’omelry. 

Here  we  pre’sent  an  exleiisie>n  cd  this  melliexl  fe>r  the  elepeesition  e>i  lia  I  iOj  films  on 
titanium  coated  silice)n  subst rates.  '!  he*  films  were charaete'rized  using  x-ray  phejteicle'e  iron 
spe’cUosropy  (XP.S).  .Anger  electron  sped re>.s<e)py  (ALS).  anel  e'leclrical  me’asnreme'iits. 
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FILM  FABRICATION 

Siihslrates 


A  0.5/iiu  titanium  film  was  deposilod  using,  rf  sputtering  onlu  2  inch  n  l yjie  tlegriuMaie 
(11)0}  silicon  wafers.  The  sputtering  coiuliticjns  wen*  the  fullovving:  rf  power  SIJOU  .  Ar 
[»  rtial  pressure  I  Pa,  and  rf  frequency  ld.6Mllx.  d'i  was  deposife^l  on  l>of)j  sl<h‘>  in  «>jd<T 
prevent  the  reaction  of  silicon  in  th<*  alkaline  solution  [5|. 

II  \  drothcrmal  procedure 

I  he  substrates  were  hydrotherinally  r«‘acte<l  in  a  stainle.ss  sie<'l  auluclavt*.  1  hey  were 
submerged  In  a  0.25A/  BafOli)^  solution  pr<‘par<*(l  with  boiling  deionized  water.  1  In' 
solution  was  contained  in  a  Tellon  Iwaker.  I  In*  s<‘aU‘<l  autoc  hive  was  niainl aim'll  at  the 
temjjeratures  of  200  and  250''C  for  S  lu)urs.  in  diifeia'nt  <'Xperimeni  s,  l  liis  t  reat  ineni  i  ime 
should  provide  a  higlily  crystalline  filt'i  [Gj.  .Alter  tiu'  treatment  tiie  samples  wt'te  nnseil 
in  boiling  <leionized  water. 

CHARACTERIZATION 

Thickness 

Tfie  Ti  coated  silicon  substrates  display<’<l  a  metallic  itn’rroi  like  color.  The  hydro 
thermally  treated  samples  exhibited  homogetu'ous  colors  that  rang'd  from  vitjlei  to  gold 
in  different  samples.  Film  thicktiess  and  surfac<‘  roughness  were  measured  with  a  ]>rotiK»- 
tnet<*r.  and  corroborated  with  llie  Tolansky  melho<T  by  measuring  the  step  height  of  the 
Ha  TiO.^  film  oti  d  i.  The  step  was  produced  by  clu'inical  <'tcliing. 

riie  roughness  of  the  Ti  suKstral<‘  without  bydrot luTtnal  treatment  wa.s  2nm  rms, 
.After  the  hydroth<?rinal  troatiiKuit  the  Had’iO;}  film  <‘xhibii(‘<l  an  rms  ronghiu'ss  of  Inrn 
{200''C  sample)  and  5!»m  (250"('  sample),  d'lte  ihiikness  was  dli-itim  in  the  200'(’ 
satitple  and  49±.5nTn  in  the  250'’(’  sample.  *1  lu*se  value's  an'  tmu  li  lowc'r  tlian  thos<‘ 
reported  in  the  literature  [G.T].  The  calibrated  .AK.S  in  ih'plh  iiK'asnrements  yiehled  a 
similar  film  tiiickness  estimation.  .Nh^tice'  that  this  is  ilu‘  first  tim<'  in  which  llu'  thickness 
of  hydrothermal  films  is  dirt'Ctly  iiu'asured  by  standarei  te'clmiepu's.  Pn'vious  estimations, 
based  only  on  the  mass  rfiange  of  tfje  subst rate*,  may  liave  systt'inatic  errors  dm'  to  etching 
of  the  substrate'  in  the  aggre.ssivc  alkaline'  solution. 

Microstructure 

The  film  morphology  was  characteui/.e’el  using  scanning  eleetron  microsrojw  (SF.NI). 
Cross  se’ctional  \  iew.s  of  the  titanium  layeT  reve'alee)  t)ja!  the  oOOnuj  film  on  tlie  pedished 
side  of  the  wafer  had  a  columnar  microstructure.  VVe  eio  not  know  liow  this  sul>sirat(' 
microstructure  influenced  ilte  final  film  thie  kness  anel  microst  rue  t  me'. 

I  he  hydrothermal  film.s  displayevl  a  honmge'iK'enis  crack  fn'<' appearance  in  all  scanne'el 
are’as  of  all  samples.  The  surface  showexl  grains  with  a  nu'an  diameter  of  lOOnm.  and 
place’s  where  grain  agglonieration  occure'el.  heading  tei  a  eedifltiwer  strmture  (see  I’ig.l), 
d  his  type  of  micrcrstructure  rnay  indicate  that  tlie*  grain  growl  }i  me'clianism  is  elonnnale’e) 
by  nucleation  and  growth  through  a  diffusion  proe-ess  of  ie>nie  specie's  from  the  solution. 
The  films  exhibited  very  strong  aelhereuicc  to  the  substrate,  anel  elid  not  craek  or  pi'el 
when  .scratched  with  a  metal  obj<*cl. 
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Figure  1.  SFM  niicrogra])h  of  tlu*  surla<o  of  a  HaliOt  iilin  nia*le  ai  1  hr  liar 

PliolooiTiissioii  analysis 

The  XPS  measvjrcnionts  won*  accmirod  wiilj  a  lioii>i.s|)lioii<al  aiialyz('r  usini;  MgKi> 
iinfikerod  radialiorj.  Tho  Ar  ion  .s()nlloring  for  tho  analysis  was  porfortnc'd  iisino 

IkoV  ions. 

The  surface  oxygon  peak  clis|)lay<‘«l  a  liigli  liindiiig  <‘n<‘igy  sluajldor.  proliaMy  dm*  lo 
adsorbed  water  [8].  It  also  exlubi\e<i  a  liigli  strontium  (ontamitJation.  with  a  (omen- 
tration  very  close  to  that  of  barium.  Strontium  was  probably  in«  i>rporaie<l  frt)in  thr 
Ba(()[I)2  reagent,  where  it  is  present  as  an  impiirity  (<  t. •">'/).  .Small  <juanfiries  were 
detected  in  the  film  up  to  the  Ha  l  iO}/ Fi  interface.  I'he  amoniil  of  strontium  and  its 
distribution  throughout  tlie  film  w<*r<‘  unexp<*cted.  Because  of  its  smaller  ionl(  ratlins,  it 
should  diffuse  easier  than  barium  iiit(»  the  tiim  and  therefore  it  wo\ild  be  expt'eti'd  to  be 
mure  abundant  in  the  bulk.  We  do  not  have  yet  an  <‘xplaiiat ion  for  tlu'se  observations. 

A  semiquantitative  concentration  analysis  was  made  with  th<*  main  film  constituents 
at  ('ach  stage  of  the  erosioti  process,  coticluding  that  the  Ba/  Fi  ratio  atnl  tin*  oxygc'n 
content  correspond  to  that  of  Ita'FiO.). 

■-\F.S  analysis 


An  AKS  d<’pth  profih*  of  lia.  'I  I.  ().  and  ('  in  the  Ba  Fit),,  liim  was  eoltecled 

from  the  surface  up  to  the  tifaniiiirr  layer  with  a  double  pa.s.s  cylindrical  mirn)r  analy/er. 
1  he  primary  electron  energy  was  3keV,  aiul  the  ion  Iwam  was  operate<l  at  d.’tkt'X  . 

Fig. 2  shows  that  the  barium  and  oxygt*n  signals  follow  eaclt  otbc'r  tbronghoiit  the 
filtm  and  that  they  go  from  an  itiitial  surface  valiu*  where  tiu'v  appear  <leplet('d  (j)iobab!y 
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<\\iv  to  surface  runtaiiiination)^  then  rise  logellier  as  the  lilin  is  j)«*netrate<l.  atni  linallx 
ilei  iease  on  reaching  tiie  I'i  metal.  Sitmlar  results  were ohtaine*!  in  the  sample  I'jj, 

I'he  carbon  signal  in  Kig.2  has  Ihhmi  scale<l  in  oi«ler  tuobscTvt-  its  in  dept  It  variaiiun 
Initially  the  carbon  signal  is  very  high  due  to  tlie  presence  of  adsorl>ed  graphite  like 
earhon.  The  carbon  signal  disappeared  after  eixxling  the  surfatc.  and  ieappeate<J  win  n 
r(*aching  the  titanium  layer,  due  to  Ti(*  present  in  the  titanium  lilin. 


Sputtering  time  [min] 


Figure  2  AKS  depth  profile  of  a  Ba'I'iO,  lilin  grown  at  'JoO'C.  I'ln*  ilii-lu  irii  was  spui- 
tcrt'd  up  to  the  titanium  suhstrat<‘.  Noti<  e  the  <  orr<’latioii  l»eiw<'eii  l»ariurn  and  o.wgen. 
and  that  carbon  was  absent  in  tlie  lilin.  I  lie  curves  were  sc  aled  fur  legibility. 

I-'lectrical  measurements 


Aluminium  dots  0.5mm  in  <iiainet<‘r  wer<*  vacuum  <*va])oi'aii‘d  onto  the  tihn.  l-'.leet rical 
contact  was  provided  by  two  tungsten  iie<*<ll(‘s.  one  perforating  ilu'  lihn  and  touching  tin' 
underlying  unreactc<l  titanium  film,  and  the  i>th(‘r  it)mliiiig  tin*  aluminum  dot.  Iliis 
provides  a  mctal-insulator-metal  (MIM)  structure. 

The  \-V  curve  is  linear  \ip  to  80mV'  (^s'iMV’/in).  wliere  a  leakage  c  urrent  of  0.l0tj//.\ 
was  measured.  1  his  lead  to  a  low  signal  dc  (iunlmtivily  of  U.25//mlio/m  {resistivit\ 
•M0'T2m).  f  he  I-V^  curves  up  *o  an  a[/pli<*d  v</hage  of  1.7\  (hvikagr*  20U//A)  ciid  not 
show  dielectric  breakdown,  \  roviding  a  lower  estimate  of  t  In*  luc'akdown  field  of  50M\’/ni. 
d'hc  dielectric  breakdown  wa;  further  stiidicHl  by  low  fre<|uency  capac  il  aiict'  c  oiichn  t  ance 
voltage  (C*G-\^)  measurements,  using  an  ac  signal  of  50m\  tins.  A  sudden  permanent 
change  in  the  ac  conductance  with  increasing  bias  was  detected  at  a  tield  ol  TOMV  /m  in 
all  samples.  This  is  consi.stent  with  tlie  dc  iudiavior. 

Tlie  conductivity  <7,  measured  with  an  ac  mocluiatiori  t>f  5(>mV  rms.  is  shown  as  a 
function  of  the  frecpiency  f  in  Fig. da.  A  goo<i  fit  is  fouiiii  in  the  log-lug  [>lot  with  tin* 
model: 

a{f)-A=.  h'  f\  (1) 

where  A=20/tmho/m,  a  =  0.8d.  ami  K  is  a  constant  (see  Fig.db).  Notice  tliat  tin* 
constant  A,  corresponding  to  the  extrapolate<l  conduct ivity  at  zero  frecpierirv.  is  txwi 
orders  of  magnitude  larger  than  the  actual  dc  conductivity,  which  was  measur'd  at  a 
similar  signal  level.  This  suggc.sts  that  tlie  ronductioii  mechanisms  are  differcMil  for  dc 
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ami  ar  currents. 

I'he  permittivity  (  was  measured  a.s  a  fuiirtioii  uf  the  fre<|ueu(  y  hetweeu  IDUlIz  and 
lOOkllz  and  i.s  depicted  iu  Hig-dc.  The  highest  value,  at  101)11/,  is  iJT  iu  the  JtlU  (' 
sample,  while  in  the  'd.50"C  sample  it  was  1  II.  I'hese  vahies  are  lomparahle  to  thuse 
ohtained  by  the  laser  ablation  techniipii'  (2). 


Figure  3.  Krerptency  (/|  dependence  of  (a)  coniluci  ivily  n  of  a  lilm  grown  al  21111 '( (hi 
Dependence  of  (<t(/)-.<\),  where  A  is  the  <’Xlrapolaled  low  freipiencr  i  oridiu  tivii  v ;  and 
(c)  Permittivity  c(/).  The  modidation  was  .aOmX'  tins. 

I'he  temperature  dependence  of  the  permittivity  was  itieasured  frotti  rootti  tettipe- 
rature  up  to  I  10“C.  VS'heit  iticreasittg  the  let  it  pet  it  I  tire,  a  broad  tiiaxitttutti  was  foiitul 
between  1  lO^C  and  120’'C.  but  no  ttiaximum  is  observtsl  on  decreasing  the  temperature, 
riiis  behavior  has  beott  attributed  to  adsorbed  waler  in  experiments  carriecl  out  with 
itnsintered  DaTiOa  fine  powders.  This  is  consisleiil  with  our  .\PS  obst-rvalious. 


CONCLUSIONS 


Carbon  free  Hal  i(),(  films  were  growtt  oti  litaitiiim  coale<l  siliioti  substrates  using  the 
hydrothermal  method  below  d-lO'C. 

High  pern’  ttivity  films  were  obtaitierl  at  t<-tnperal  tires  as  low  as  'dOO  'C.  I  he  liyilro 
thermal  lechnirpie  i.s  a  promising  methoil  for  thin  film  |)roducliou  that  might  be  i om 
palibilized  with  ronventioi  al  silicon  processing,  since  Ihe  low  formation  temperatures 
inherent  to  the  method  may  facilitate  the  use  of  Hal  iO,  ceramits  with  semit oiiductor 
devices.  This  is  because  the  method  considerably  reduces  lh<-  lilm/substrate  iiitei act  ions, 
as  well  as  the  possibility  of  smearing  out  of  preexisting  doping  profiles  anil  structures, 
[irovided  that  they  stand  the  somewhat  hostile  chemical  environment  during  the  film 
fabrication. 
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ABSTRACT 

KNbOt  thin  films  have  been  deposited  from  KlOMci/.NbtO.Mels  sols  onto  i  lOOi  MgO 
substrates.  Microstritctural  changes  were  observed  relative  to  stoichiometry,  aging,  and  the 
hydrolysis  temperature.  The  production  of  single  phase,  oriented  films  has  been 
demonstrated,  and  was  found  to  be  strongly  dependent  on  process  conditions  The  films  were 
characterized  by  XRD.  TEM.  SEl.M.  EDS.  and  Raman  spectroscopy. 


INTRODUCTION 

Thin  film  KNbOt  ferroelectrics  show  promise  for  use  as  high  speed  electrixtptic 
devices,  optical  waveguides,  and  fresiuency  doublers  1 1-,4|.  F-abrication  methods  for  KNhOt 
include  various  techniques  such  as  ion  beam  sputtering  j4|  and  sol-gel  |.‘'■9|  Sol-gel  is  a 
relatively  simple  technique  that  offers  the  advantage  of  a  low  temperature,  low  cost  methixf  to 
produce  crystalline  KNbOt  thin  films  |1((|.  tiowever,  the  synthesis  of  multicomponent 
crystalline  oxides  by  the  sol-gel  proce.ss  is  often  complicated  by  precipitation  and  phase 
■s-eparation  resulting  from  different  hydrolysis  rates  of  the  individual  component  alkoxides 
used  as  sources.  The  best  single  phase  sol-gel  films  to  date  appear  to  be  derived  from 
methanolic  solutions  |,1.6|.  Very  little  work  to  date  has  fiKusscd  on  the  inlltience  of  process 
parameters  and  stoichiometry  on  the  development  of  microstructiire  in  the  films,  although  it  is 
known  that  the  microstructure  can  significantly  affect  electrical  and  optical  propenies  |  I  1 1 

In  this  work  we  fabricated  stoichiometric  and  slightly  non-stoichiometric  filtiis  in  order 
to  study  the  effects  of  processing  conditions  on  the  nucleation  and  crystal  growth  m  KNbOt 
sol-gel  derived  thin  films  made  from  methanolic  sols.  The  non-stoichiometric  films  provided 
an  opportunity  to  easily  measure  nucleation  densities  and  relative  KNbOt  ciy  stalli/ation 


EXPERIMENTAL 

All  reactions  and  manipulations  were  carried  out  under  dry  nitrogen  using  standard 
Schlenk  techniques.  .Methanol  and  ethanol  were  dried  by  distillation  over  molecular  sieves. 
Benzene  was  dried  by  distillation  overctilcium  hydride. 

Potassium  ethoxide  (KOEt)  and  potassium  melhoxide  (KOMe)  were  prepared  from  the 
metal.  The  potassium  content  was  determined  by  hydrolysis  followed  by  titration  of  KOH 
against  O.IN  HCl.  Niobium  ethoxide  |Nb(OEt)y|(Alfa  Products)  was  tiistilled  (142  C.  0.1 
mm  Ugl  prior  to  use.  The  distilled  niobium  ethoxide  was  diluted  w  ith  ethanol  to  form  a  !  M 
stock  solution. 

K(OEl)  and  Nb(OEt)s  were  combined  in  ethanol  and  reBuxed  for  24  hours  to  promote 
the  formation  of  the  double  ethoxide  1.11.  Ethanol  was  removed  by  evaporation  resulting  in 
crystallization  of  the  double  ethoxide.  This  solid  was  dissolved  in  methanol  to  form  a 
solution  which  was  ().26M  in  K.  This  will  be  referred  to  as  a  "methoxide  solution  It  is 
expected  that  there  was  a  small  amount  (-Iff)  of  residual  ethanol  and/or  ethoxide  in  the 
solution.  Three  stoichiometric  ratios  of  Nb/K  were  used  in  the  methoxide  solutions,  niobium 
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rich  niobium,  4S'/f  polacsiiim),  potassium  rich  (.s2'<  potassium,  4K'i  niobium i.  and 

ei|umiolar  (50'?  niobium,  ,50';i'  potassium).  The  solutions  were  anal>/ed  lor  Is  and  \b  h> 
flame  atomic  absorption  The  solutions  were  hydroly/cd  by  the  adilition  of  a  2  s\l  Milutimi  of 
deionized  water  in  methanol  in  a  ratio  of  ().2  moles  of  water  per  mole  of  alkoside  idesian.ited 
0.2/1 ).  Hydrolysis  w  as  penormed  on  sols  wlutii  were  either  at  riH>m  temperature  or  cooled  m 
an  ice  bath. 

Single  crystal  (  KKI)  MgO  substrates.  (Coinnicrcial  Crystal  Labs  or  llarrick  Scientific 
Corp),  were  ultrasonically  cleaned  in  acetone  followed  by  sapor  degre.ising  ssith 
triciiloroethylene  immediately  prior  to  spin  coating. 

Spin  coated  films  were  prepared  by  placing  a  few  drops  of  the  sols  prepared  alxne 
onto  the  substrates  toHowed  by  spinning  at  .KlOOrpm  for  .10  seconds  in  air  1  he  coated 
substrates  were  immediately  in.  .-rted  into  a  hot  tube  furnace  and  held  for  1  hour  at  120  (.' 
under  flowing  osygen  These  steps  were  repeated  three  times  to  achiese  the  desireil  thickness 
of  approximately  2(KX)A.  The  films  were  crystallized  by  inseifion  into  a  hot  tube'  furnace  and 
held  for  4  hours  at  S(X)°C  under  flowing  oxygen. 

X-ray  diffraction  (XRD)  was  performed  using  a  Siemens  i;5000  d '*•  ic’m.-.eter  and  a 
Philips  Electronics  Inst  APD  .f720  vertical  powder  diffractometer  Scanning  electron 
microscopy  (SEM)  analysis  was  perfomted  on  a  JEOI  JSM-X40  in  both  the  backseat!  -red  and 
secondary  electron  modes.  Semiguantitative  energy  dispersise  X  ray  analysis  (EDS),  was 
done  using  an  EDAX  EDS.  Microstructural  features  were  studied  with  an  analviical  Phillips 
CM20  transmission  electron  microscope  (TEM)  equipped  with  an  EDA.X  EDS  LEM  samples 
were  prepared  using  standard  dimpling  and  ion  milling  techniques,  as  well  as  a  chemieal  etch 
technique  |4|.  Raman  spectra  were  measured  on  an  Instruments  S  .k  Ranianoi  I  KXIO 
spectrometer  coupled  to  an  Olymnns  research  grade  microscope. 


RESULTS 

Three  different  stoichiometric  ratios  of  potassium  to  niobium  solutions  vserc  all 
hydrolyzed  0.2/1  at  0°C  and  spun  I  hour  after  hydrolysis  to  compare  the  effects  of 
composition.  The  equimolar,  niobium  rich,  and  potassium  rich  solutions  all  produced 
orthorhombic  KNbOy  films  on  (KKI)  MgO  which  were  highly  1 1  lOi  oriented  (approximately 
88%,  95%,  and  86%  respectively),  as  seen  in  Figure  1.  The  films  derised  from  the  equimolar 


Figure  1 .  Comparison  of  XRD  for  methoxide  films  with  dif  ferent  compositions: 
a)  equimolar,  b)  niobium  rich,  c)  potassium  rich. 
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Figure  2.  Typical  microstruclure  with  rosettes  and  matrix  (optical  micrograph) 

Each  rosette  represents  a  nucleating  site. 

solution  were  single  phase  while  both  of  the  non-stoichiometric  solutions  had  one  or  more 
unidentified  second  phases.  The  single  phase  films  exhibited  low  optical  scatter,  while  the 
niobium  rich  films  scattered  non-uniformly  due  to  multiple  phases,  and  the  potassium  rich 
films  also  scatteisd  non-uniformly  due  to  cracking  and  grain  boundary  effects.  When  full 
crystallization  of  the  film  to  KNbOa  did  not  occur,  the  film  microstructure  is  characterized  by 
rosette-like  growths  surrounded  by  a  matrix  (Figure  2).  Raman  spectra  of  these  films 
confirmed  that  the  rosettes  are  orthorhombic  KNbOt  while  the  matrix  exhibited  no 
appreciable  Raman  scatter.  TEM  micrographs  show  that  the  losettc  are  single  crystal 
epitaxial  KNbOy  with  (110)  orientation  (Figure  .^a).  Ferroelectric  domains  can  be  seen  in  tl.c 
rosette.  The  matrix  in  this  example  consi.sis  of  niobium  rich  polycrystalline  phases  which 
grow  with  a  needle-like  morphology  (Figure  .^b).  The  amount  of  the  KNbOt  rosettes  in  tite 


Figure 


TEM  micrographs  of  rosette  and  matrix:  a)  epitaxial  orthorhombic  KNb()( 
rosette,  b)  needle-like  niobium  rich  second  phase. 
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films  was  strongly  dependent  on  priKcss  tonditions  Ihese  Changes  were  iiuwi  easily 
observed  in  the  niobium  rich  solutions. 

Hydrolysis  of  the  niobium  rich  solutions  wiith  0.2  moles  of  water  per  mole  ol  alkosule 
pnor  to  spinning  resulted  in  rosette  coverage  of  K Iff  with  .Spm  rosettes  when  the  solniion  ss.is 
held  at  0°C  during  hydrolysis.  Hydrolysis  at  room  lemperaline  (rather  than  0  Ci  decreased 
the  amount  of  KNbOy  formed  to  52‘3f  with  6pm  rosettes,  f  ilms  which  were  spin  coated  one 
day  after  the  hydrolysis  of  the  niobium  rich  solutions  (rather  than  one  hour,  as  ahosci  had 
increased  amounts  of  second  phases  and  the  number  of  KNbOt  rosetles  was  decreased 
Furthermore,  the  concenlralion  of  KNbOt  rosettes  in  the  films  decreased  when  (he  time 
between  dissolution  of  the  double  ethoxide  in  methanol  and  hydrolysis  of  the  solution 
increased  (Figure  41.  Further  details  on  this  aging  effect  will  be  presenicil  in  a  tiiiuic 
publication. 
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When  slijihlly  niobium  nth  methoxide  solulionx  were  tndroly/ed  .n  leduted 
leniperalures  inimediaiely  prior  to  spinning,  lilms  sxith  small  amounts  ol  sctond  phases  ueie 
produted.  When  hydrolysis  was  done  at  room  temperature  or  the  hydroKaed  sol  was  allowed 
.0  age.  the  toneentration  of  orthorhombie  KNbOr  rosettes  formed  in  the  films  detreased  and 
the  amount  of  second  phases  increased.  These  results  indicate  that  the  nucleation  of  ls\h(): 
rosettes  in  the  crystallizing  films  depends  upon  a  homogeneous  distribution  of  potassium  and 
niobium  in  the  hydrolyzed  sol  When  the  temperature  of  the  hydrolysis  reaction  is  increased 
there  is  a  reduced  homogeneity  of  the  solution  w  ith  the  double  alkoxide  species  becomini'  less 
stable,  and  the  hydrolysis  rates  ot  all  the  alkoxide  species  in  solution  increasing  Koth  of  these 
priKesses  are  likely  to  lead  to  a  reduced  association  between  iiotassium  and  niobium  in  the 
solution. 

Similarly,  when  the  sol  is  allowed  to  age  at  r<x>m  temperature  for  one  or  more  d.iss. 
the  distribution  of  potassium  and  niobium  in  the  sol  may  be  disturbed  by  reactions  such 
those  discussed  abose.  The  deterioration  of  film  quality  may  be’  an  etfeci  which  may  be 
related  to  this  aging.  Clearly,  the  double  alkoxide  sol-gel  synthesis  route  to  pnxluce  single 
phase  KNbOr  films  is  a  highly  sensitive  priKess. 


CONCLUSIONS 

Single  phase  (110)  oriented  thin  films  of  KNbOiean  be  made  on  ilOO)  MgO 
substrates  by  the  sol-gel  teehniqiie  under  eerlain  eonditions.  Solutions  must  hase  an  ex.ictly 
1:1  niobium  to  potassium  ratio  to  avoid  extensive  seeond  phase  formation  Non 
stoichiometric  sols  allow  for  nucleation  and  growth  studies  and  related  to  process  conditions 
Rosette  type  growth  of  KNbOt  is  observed.  Hydrolysis  at  low  lemperaiiires  aids  in  the 
crystallization  of  the  KNhOi  phase  through  formation  oi'  homogeneous  solutions  which  result 
in  a  high  nucleation  density  of  orthorhombic  KNbOi.  .Aging  the  solution  decreases  the 
concentration  of  KNbO;  formed.  The  sensitivity  of  the  final  microstructure  to  v.iriaiions  in 
prcKess  conditions  such  as  temperature  and  aging  may  make  it  difficult  to  employ  melhanolic 
alkoxide  solutions  in  the  routine  fabrication  of  device  quality  KNbO',  thin  films 
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ABSTRACT 

Epitaxial  Pt(OOl)  thin  films  have  been  grown  on  MgO(OOl)  substrates 
using  dc  magnetron  sputtering  with  an  Ar/Oz  mixture  at  700°C.  The  width 
(PWHM)  of  the  rocking  curve  of  the  Pt(002)  peak  is  between  0.16°  and  0.20°. 
which  is  only  0.05°  wider  than  that  of  the  MgO  (002)  peak  of  the  cleaved 
substrate.  The  film  surface  roughness  is  about  1  nm  (rms)  for  a  240  nm  thick  Pt 
film.  No  gram  siruclure  could  be  observed  using  SEM.  In  contrast,  the  films 
deposited  at  700  °C  with  pure  Ar,  have  both  Pt(lll)  and  Pt(OOl)  oriented  growth, 
as  shown  by  XRD  0-20  scans,  with  ihe  Pt(lll)  peak  having  the  largest 
intensity.  BaTiOa  epitaxial  films  have  also  been  deposited  on  Pt(001)/Mg0(001 ). 
The  width  (FWHM)  of  the  rocking  curve  of  the  BaTiOsfZOO)  peak  is  0.4°.  The 
surface  morphology  of  the  epitaxial  BaTiOsdOO)  thin  films  on  Pt(001)/MgO(00D 
is  featureless.  XRD  pole  figure  measurements  on  Pt/BaTiOs/Pt  trilayer  shown  a 
very  good  in-plane  alignment  of  all  layers.  The  epitaxial  growth  relationship 
was  also  confirmed  by  TEM  electron  diffraction  and  cross-section  imaging.  The 
Pt/BaTiOa/Pt  epitaxial  trilayer  could  serve  as  a  prototype  for  ferroelectric 
capacitors  and  may  be  able  to  improve  the  electrical  properties  of  the  capacitors. 

INTRODUCTION 

In  multilayer  systems,  epitaxial  growth  has  been  an  important  issue  for 
high  quality  multilayer  structures  and  of  great  interest  for  applications. 
Epitaxial  growth  of  metallic  films  is  also  important  in  oxidizing  environments 
employed  in  the  deposition  of  ferroelectric,  magnetic  oxides  and  HTSC  films. 
Recently,  Lairson  et  al.  [1]  reported  epitaxial  growth  of  Pt  films  on  MgO(OOl), 
MgO(llO),  MgO(lll),  and  Al203(0001)  substrates  using  a  sputtering  technique. 
In  a  pure  argon  atmosphere  of  3.0  mTorr,  the  relative  intensity  of  Pt(lll)  to  the 
total  Pt(lll)  and  Pt(200)  peak  intensity  varied  from  nearly  100%  for  temperatures 
below  550°C  to  0.1%  at  a  deposition  temperature  of  680°C  when  MgO(OOl) 
substrates  were  used.  In  a  mixture  of  10  mTorr  Ar  and  5  mTorr  oxygen, 
epitaxial  growth  of  Pt(OOl)  on  MgO(OOl)  at  680°C  was  demonstrated.  In  this 
report,  we  present  data  showing  the  epitaxial  growth  of  Pt(OOl)  on  MgO(OOl)  at 
700°C  with  a  mixture  of  6  mTorr  Ar  and  5  mTorr  O2  •  Pt(lll)  and  PU200) 
oriented  growth  was  observed  when  Pt  was  deposited  in  pure  Ar  at  the  same 
temperature.  The  epitaxial  PtfOOl)  films  grown  under  oxidizing  conditions  have 
mirror-like  surfaces  with  a  surface  roughness  of  1  nm  (rms),  single  crystal-like 
structure  and  rocking  curve  widths  as  low  as  0.2°.  These  films  have  been  shown 
to  be  suitable  for  subsequent  growth  of  epitaxial  films  and  multilayers  of 
ferroelectric  materials. 

DEPOSmON  PROCESS 

A  vacuum  chamber  was  equipped  with  a  2"  magnetron  sputtering  gun 
which  can  be  operated  in  a  dc  or  rf  mode,  and  with  a  2"  resistance  heater  (  US 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  310.  ^  1993  Materials  Research  Society 


346 


GUN  II).  A  turbo  pump  was  used  to  reach  a  base  pressure  of  1-3  x  10-6  Torr.  A 
Pt  metal  target  was  used  with  a  purity  of  99.95%.  Ultra  high  purity  oxygen  gas 
(minimum  purity  99.39%)  and  zero  grade  argon  gas  (THC  less  than  0.5  ppm) 
were  used  as  working  gases.  The  distance  between  the  target  and  substrates 
was  10  cm.  Mg^  substrates  were  used  in  this  work.  The  substrates  were 
cleaned  with  dichloromethane  (methylene  chloride  CH2CI2),  acetone  and 
methanol  in  an  ultrasonic  bath,  then  blown  dry  with  nitrogen  before  loading  into 
the  chamber. 

The  experimental  parameters  used  are  shown  in  table  I. 

Table  I  Experimental  parameters 


Run 

Samp. 

Substrata 

Ts 

°C 

Ar/02 

mTorr 

Thick 

n  m 

Orientation 

Pt(###) 

KWHM 

(1) 

I 

PT()3A 

MgCXlOO) 

695 

4.2/0 

100 

(1 11 >+(200) 

0.3.VX).7’ 

giTOB 

MgCXlOO) 

695 

4.2/0 

100 

(in>+(X)0) 

0.33'A).6V 

a 

PT04A 

MgCXlOO) 

695 

6.4/4,6 

170 

(200) 

0.23’ 

III 

PT05A 

MgO(lOO) 

700 

56/4,8 

240 

(200) 

0.20’ 

PT05B 

MgCXlOO) 

700 

5.6/4.8 

240 

(200) 

O.IX’ 

PT05C 

MgCXlOO) 

700 

56/4,8 

240 

(200) 

0.16“ 

PT05D 

MgOdOO) 

700 

5.6/4,8 

240 

(200) 

0.18“ 

CRYSTAL  STRUCTURES 

A  Rigaku  VS  -  DXR3000  diffractometer  was  used  for  the  film  structure 
characterization.  Cu  Ka  monochromatic  radiation  was  used  in  these 
experiments  with  a  graphite  224R  monochrometer  to  avoid  any  Kp  line  from 
appearing  the  diffraction  patterns.  The  instrumental  resolution  for  the  rocking 
curve  is  0.08°.  A  pole  figure  camera  was  used  to  determine  the  quality  of  the  in¬ 
plane  alignment  between  the  film  and  substrate  and  between  multilayers. 

A  typical  0-20  Scan  of  an  epitaxial  Pt(001)  film  on  MgO(OOl)  is  shown  in 
Fig.  la.  Only  the  MgO(002),  Pt(002),  MgO(004)  and  Pt(004)  peaks  could  be 
observed. 

Expanding  the  intensity  scale  by  lOOOx  as  shown  in  Fig.  lb  did  not  reveal 
any  additional  features.  The  rocking  curve  width  (HWFM)  is  0.20°  for  Pt(002) 
and  0.15°  for  MgO(002)  as  shown  in  Fig.  Ic.  These  data  indicate  the  epitaxial 
growth  of  Pt(OOl)  on  MgO(OOl),  which  was  reproducible. 

In  contrast  to  the  oxidizing  sputtering  condition,  Pt(lll)/Pt(002)  oriented 
growth  on  MgO(OOl)  substrates  was  observed  at  the  same  substrate  temperature 
when  sputtered  in  pure  Ar.  Surprisingly,  no  Pt(220),  Pt(311)  peaks  appeared  in 
the  XRD  at  20=67.5°  and  81.3°,  respectively.  The  rocking  curve  width  (FWHM) 


347 


was  0.33°  for  Pt(lll)  and  0.7°  for  Pt(002)  as  shown  in  Fig.  2c. 


“T" - - - - 1 . . . 1  - - - T”  ^ - I 

^O.  BO.  BO.  70.  BO.  BO.  tOO  .  IIO.  *BO.  >1.  *2. 


2  0  (deg.)  ©  (deg.) 

Fig.  la  and  lb  A  typical  0-2  ©Scan  of  epitaxial  PUOOl)  film  on  MgO(  100), 
Ic  Rocking  curve  of  Pt(002)  peak  and  MgO(002)  peak. 


2c 


2  0  (deg.)  0  (deg.) 

Fig.  2a  and  2b  A  0  -  2  0  Scan  of  Pt(lll)/Pt(002)  oriented  growth  on  MgO(  100). 
2c  Rocking  curve  of  Pt(lll)  peak  and  Pt(002)  peak. 


Pole  figure  measurements  of  a  trilayer  sample  of  PtfBaTiOa/Pt/MgO  are 
shown  in  Fig.  3.  A  schematic  cross-section  view  of  the  trilayer  is  shown  in  Fig. 
3d.  The  x-ray  measurement  probes  all  three  films,  so  that  the  in-plane 
orientation  of  each  can  be  determined.  The  MgO(202)  peak  was  chosen  for  MgO 
substrate  pole  figure  measurement  as  shown  in  Fig.  3a.  The  intensity  of 
MgO(202)  was  not  very  strong  because  of  attenuation  due  to  the  trilayer  of 
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3d 


Fij'.  3  Polo  fufurc  nicasureinciit  on  PUOOl )/15a'ri():((00 1  )/Pl  (01)1)  Irilayoi- 


Fig.  4  Electron  difTraction  pattern  of  the 
epitaxial  Pt  film  on  MgO  substrate. 
It  indicates  Pt[001J  //  MgOIOOl]  and 
PtflOO]//MgO[lOO]. 


Fig.  5  Electron  diffraction  pattern  of 
the  Pt(001)/BaTi03(001)/Pt(001) 
trilayer.  It  indicates  ; 

Pt[00  ly/BaTiOsfOO  1  j//Pt[00 1 1 
PtI100]//BaTi03[100J//Pt[100|. 
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Pt/BaTiOa/Pt  on  the  top  of  the  MgO  substrate.  The  Pt(202)  was  chosen  for  both 
top  and  bottom  Pt  films  pole  figure  measurements,  which  are  shown  in  Fig.  .3b. 
The  sharpness  and  good  symmetry  of  the  diffraction  peaks  indicate  good  in¬ 
plane  alignment  between  the  bottom  Pt  film  and  the  substrate  and  between  the 
bottom  and  the  top  Pt  layers.  The  pole  figure  measurement  of  the  BaTiOa  (101) 
peak  in  Fig.  3c  shows  a  very  good  peak  distrubution,  which  indicates  a  good 
epitaxial  heterostructure  of  the  trilayer.  The  peak  width  of  BaTiOa  (101)  is  wider 
than  the  Pt  (202)  peak,  which  is  consistent  with  the  rocking  curve  measurement. 

MICROSTRUCTURE 

Transmission  electron  microscopy  (TEM)  was  used  U>  identify  the  quality 
of  the  epitaxial  growth  relationship.  TEM  studies  were  performed  at  300  kV 
using  a  Philips  CM30  analytical  electron  microscope  with  image  resolution  of 
0.23  nm.  Selected  area  and  convergent  beam  electron  diffraction  patterns  were 
recorded  successfully  from  the  substrate  and  the  film  in  order  to  determine  the 
relative  orientation  of  the  two  adjacent  layers.  An  accuracy  of  better  than  0.2° 
was  achieved.  In  Fig.  4  the  electron  diffraction  pattern  of  the  Pt  film  on  MgO 
substrate  shows  Pt[0011//Mg0[001]  and  Pt[100]//Mg0[100),  which  indicates  an 
excellent  epitaxial  growth  relationship  between  the  Pt  film  and  the  MgO 
substrate.  The  electron  diffraction  pattern  of  the  trilayer  of  PKBaTiOs/Pt 
indicates  an  epitaxial  growth  relationship  between  the  Pt  and  the  films  (Fig.  5), 
revealing  the  epitaxial  relationships  of  Pt[001J//BaTi03[001J//Pt[001J  and 
Pt[100]//BaTi03[100]//Pt[100J.  Fig.  5  is  fully  consistent  with  the  pole  f  .  ire 
measurements  on  the  trilayer  of  Pt/BaTiOs/TH.  as  shown  in  Fig.  3. 

DISCUSSION  AND  SUMMARY 

Molecular  beam  epitaxy  (MBE)  is  most  often  used  to  fabricate  epitaxial 
films  and  epitaxial  multilayers.  However,  other  film  ^owth  techniques  can 
also  be  used,  for  instance  laser  ablation,  sputtering  deposition,  and  chemical 
vapor  deposition.  In  this  work  we  have  shown  the  feasibility  of  making  epitaxial 
films  and  multilayers  using  the  sputtering  technique. 

The  epitaxial  growth  of  Pt  films  in  on  oxidizing  environment  is  compatible 
with  epitaxial  growth  conditions  of  ferroelectric  and  magnetic  oxides.  The  role 
of  oxygen  in  the  epitaxial  growth  is  not  yet  clear,  but  it  is  speculated  to  be 
associated  with  mobile  PtO  spears  on  the  surface. 

There  are  numerous  published  papers,  concerning  the  effect  of  bottom 
electrodes  on  the  electrical  properties  of  ferroelectric  films  [2J.  While  fatigue 
and  failure  mechanism  of  ferroelectric  capacitors  are  not  completely 
understood,  film  orientation  is  known  to  be  an  important  determiner  of 
degradation  in  the  remanent  polarization  [3].  Polycrystalline  Pt  bottom  electrods 
may  induce  early  failure  during  fatigue  testing.  TEM  images  of  our  epitaxial 
trilayer  of  Pt(001)/BaTi03(001)/Pt(001)  show  an  abrupt  interface  (to  be  published 
later)  between  BaTiOs  and  Pt  bottom  electrode.  The  grain  boundary-free  nature 
of  the  epitaxial  trilayer  may  provide  a  method  for  solving  the  problem. 

In  conclusion,  we  have  demonstrated  the  epitaxial  growth  of  Pt(OOl)  on 
MgO(OOl)  substrates  in  an  oxidizing  environment.  We  have  also  demonstrated 
the  growth  of  epitaxial  trilayers  of  Pt(001)/BaTi03(001)/Pt(001)  on  MgO(OOl) 
substrates.  TEM  images  reveal  a  sharp  interface  between  the  BaTiOsiOOl)  and 
bottom  Pt(OOI)  electrode,  which  might  be  helpful  for  improving  the  performance 
of  epitaxial  ferroelectric  capacitors. 
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ABSTRACT  | 

Sub-micron  sized  metal  oxide  particles  were  formed  via  aerosol  decomposition  using  i 

single-source  mixed  metal-organic  precursors  specifically  designed  to  decompose  at  low 

temperatures.  The  advantage  of  these  single-source  precursors  over  mixtures  of  individual  j 

precursors  is  that  each  panicle  contains  a  fixed  stoichiometry  and  molecular  level  homogeneitv  .  j 

Furthermore,  the  loss  of  volatile  intermediates  (such  as  PbO)  may  be  avoided.  Aerosol  i 

processing  routes  can  produce  uniform  sub-micron  sized  powder  that  can  be  sintered  at  low 

temperatures  for  various  thin  film  and  membrane  applications.  The  single-source  precursors 

were  prepared  in  pyridine  by  reaction  of  divalent  metal  a-hydroxycarboxylates  of  general 

empirical  formula  ACOnCCMeiOHln  (where  A  =  Pb.  Ca.  Sr,  Ba;  Me  =  methyl)  with  metal 

alkoxides  (for  example,  Ti(0-/-Pr)4)  with  the  elimination  of  two  equivalents  of  alcohol.  These 

species  were  then  hydrolyzed  in  solution  and  yellow  powders  were  isolated  by  removal  of  the 

pyridine  .solvent  i/i  vacuo.  Tlie.se  powders  were  dissolved  in  water  and  used  to  prepare  mixed 

metal  oxide  powders  via  spray  pyrolysis.  Phase-pure  submicron-sized  particles  of  PbTiOy 

and  BaTiOy  were  produced  at  temperatures  of  600-900  °C.  The  panicles  were  hollow,  ranged 

in  size  from  0. 1  to  1  pm  and  consisted  of  .30-50  nm  crystallites. 

.1 

INTRODUCTION 

Spray  pyrolysis  can  be  used  to  produce  multi-source,  high-purity  powders  that  consist  of 
non-agglomerated  submicron-sized  particles.'  Usual  aerosol  techniques  involve  the  use  of 
several  precursors,  each  containing  a  single-component  of  the  final  material,  which  are  mixed 
in  a  suitable  solvent  and  sprayed  into  a  furnace.  The  reaction  proceeds  by  removal  of  solvent 
from  the  droplets,  then  the  precursors  decompose  and  solid  state  diffusion  within  each  particle 
leads  to  the  final  ceramic.  This  approach,  although  simple,  has  several  fundamental  problems 
which  either  increase  the  processing  temperature  required  to  form  the  cerainic  or  degrade  the 
properties  of  the  final  material.  For  example,  as  the  solvent  evaporates  from  the  droplet,  the 
precursors  may  segregate  becau.se  of  different  .solute  precipitation  rates  and  nucleation  behavior 
of  the  precursors  within  the  particles  (see  Figure  1).  Reaction  between  the  precursors  can  then 
occur  to  form  intermediates  with  incorrect  stoichiometry  and  which  are  also  segregated  to 
produce  a  conglomerated  product.  The.se  compositional  inhomogeneities  must  be  eliminated 
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by  solid-slale  dil'fusion  and  complete  reaetion  may  m)t  occur  if  the  lemperalure  and  dilTusion 
rales  are  not  sufl'icienlly  high.  Also,  the  loss  of  volatile  intermediates  such  as  MoO;^,  ViOj 
and  PbO  can  result  in  the  production  of  powders  with  the  incorrect  stoichiometry  or  an 
undesired  phase.  This  is  the  ca.se  for  the  formation  of  perovskite  pha.se  PbTiti^,  where 
lead  lojis  generally  leads  to  crystallization  of  the  pyrixthlore  phase. 

Solvent  Solvent  Solvent 

Droplet  with  Precipitate  Precipitate  Precipitate 

A  +  B  in  Solution  of  A  of  A  +  B  of  B 

Figure  1.  Schematic  representation  of  particle  formation  by  aerosol 
decomposition  u.sing  multiple  precursors. 

Single-source  precursors  have  a  fixed  stoichiomeu^  of  the  metal  atoms  within  the  molecule 
and  this  can  overcome  the  problems  of  segregation  and  the  need  for  solid  state  dilTusion.  As 
.shown  in  Figure  2,  the  u.se  of  a  .single-.source  precursor  re.sults  in  a  precipitate  which  retains 
the  homogeneity  achieved  during  precursor  preparation.  This  lowers  the  time  and  temperature 
required  for  the  foimation  of  ceramic  particles  and  avoids  the  problem  t>f  pha.se  segregation. 
In  addition,  if  volatile  .species  are  confined  in  pha.se.s  above  which  their  vapor  pressure  is 
negligible,  this  approach  has  the  potential  to  minimize  or  eliminate  los.ses  of  volatile  species 
such  as  PbO,  Thus,  these  aero.sol-derived  powders  with  uniform  sub-micron  sizw’d  particles 
can  be  sintered  at  low  temperatures  for  various  thin  film  and  membrane  applications. 


.Solvent  Solvent 


Droplet  with  Precipitate  Particle  Final 

AB  in  Solution  of  AB  of  AB  Particle 


T 

Final 

Panicle 


Figure  2.  Particle  formation  by  aerosol  decomposition  u.sing  single-source  precursors. 

In  this  work,  we  have  investigated  the  use  of  single-.source  piecursors  for  the  formation  of 
perovskite  pha.se  metal  oxides  with  empirical  formula  ABOt.  The  preparation  of  the  single- 
■source  precursors  to  the.se  materials  has  been  de,scribcd  previously.'*  "'  By  u.sing  this  method, 
phase-pure  PbTiOj  and  BaTiOj  powders  were  produced  from  the  precur.sors 
Pb(02CCMe20)2Ti(0-i-Pr)2  and  Ba(02CCMe20)2Ti(0-i-Pr)2  respectively,  in  an  aerosol 
reactor. 
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EXPERIMENTAL 

The  reactor  design  has  been  described  elsewhere.*  Water  .solution  concentrations  were  on 
the  order  of  1-2  wt.%  for  all  of  the  precursors.  All  solutions  were  placed  in  a  moditied 
Collison  Nebulizer  which  generated  the  droplets  in  an  oxygen  carrier  gas.  The  droplets  were 
transported  into  a  hot-wall  reactor  consisting  of  a  muliite  tube  (.^.25  inch  l.D.  X  6(1  inch 
length)  contained  in  a  three-zone  furnace  with  a  heated  zone  of  .16  inches.  Pure  oxygen  was 
supplied  to  the  Colli.son  at  15  psig.  The  carrier  gas  How  rate  of  19.4  1pm  (ambient  conditions) 
was  monitored  with  a  rotameter.  Reactor  re.sidence  limes  varied  according  to  the  reaction 
temperature  and  ranged  from  5.5  to  1.8  seconds  at  550  "C  and  900  C  respectively.  The 
powders  were  collected  on  a  147  mm  nylon  filter  that  was  contained  within  a  slainle.ss  steel 
filler  holder. 

Particle  compo.silions  and  morphologies  were  examined  using  X-ray  diffractitm  (XRD). 
transmission  electron  micro.scopy  (TEM),  and  scanning  electron  micro.scopy  (SEM).  The 
extent  of  reaction  was  detennined  by  thermal  gravimetric  analysis  (TGA)  in  air.  The  Pb  to  Ti 
ratio  of  the  PbTiOj  powder  made  at  650  "C  was  measuied  using  fiame  attimic  ab.soiption  ( AA) 
spectro.scopy. 

RESULTS  AND  DISCUSSION 
PbTiCh 

Phase-pure  PbTi03  was  prepared  at  reaction  temperatures  of  600,  650.  7(X)  and  750  "C. 
The  powder  obtained  at  550  °C  was  not  fully  reacted  and  gave  a  weight  loss  of  6.5‘7r  at  5(K) 
"C,  as  determined  by  TGA.  X-ray  powder  diffraction  data  revealed  that  the  material  was  either 
amorphous  or  the  crystallite  size  was  very  small,  as  indicated  by  the  broad  peaks  obtained  in 
the  XRD  pattern.  Powders  produced  at  6{X)  to  750  "C  exhibited  about  a  29t  weight  loss  by 
TGA  (Figure  3).  X-ray  powder  diffraction  showed  that  the  powders  made  at  6(X)  to  750  'C 
were  phase-pure  PbTiOs.  The  XRD  results  indicate  that  the  formation  of  pyrochlore  was 
avoided  and  perovskite  was  the  favored  product  under  the  conditions  used.  This  eliminated 
the  need  for  sintering  at  higher  temperatures,  which  is  common  in  .sol-gel  routes  to  convert 
pyrochlore  to  the  perovskite  phase.® 

Scanning  electron  microscopy  data  for  the  PbTiGy  powder  produced  at  550  “C.  showed 
that  it  consisted  primarily  of  collapsed  shells  with  diameters  of  about  0.4  pm.  Powders  made 
at  6(X)  "C  and  650  "C  consisted  of  0.3  pm  and  0.4  pm  particles  exhibiting  both  hollow  and 
collap.sed  shell  morphologies.  At  750  "C,  the  particles  were  spherical  and  about  0.4  pm  in 
diameter.  Tran.smi.ssion  electron  microscopy  data  for  the  750  ”C  powder  (Figure  4)  showed 
that  the  particles  were  hollow,  with  a  crystallite  size  of  approximately  50  nm.  Decreasing 
XRD  peak  broadening  with  increased  temperatures  indicated  that  the  crystallite  size  increa.sed 
along  with  increasing  furnace  temperatures.® 
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BaTiCh 

Phase-pure  BaTi03  was  prepared  al  9<K)  C,  as  indicated  by  XRD  and  TGA.  At  750  "C, 
the  precursor  was  partially  decomposed  and  the  product  was  contaminated  by  carbonate  as 
indicated  by  the  TGA  decomposition  pattern.  The  powder  produced  at  750  C  had  a  weight 
loss  of  14%  by  TGA;  of  this,  2%  was  due  to  the  pre.sence  of  carbon  while  the  remaining 
weight  loss  (12%)  occurred  at  700  C.  which  corre.sponds  to  the  decomposition  temperature  of 
barium  titanium  carbonate.*  Elemental  analysis  of  the  sample  confirmed  the  assignment  of 
carbon  and  carbonate,  since  no  hydrogen  was  detected  and  d*?  carbon  was  found.  Scanning 
electron  microscopy  data  showed  that  all  of  the  powders  were  made  up  of  spherical 
unagglomerated  particles  with  an  average  diameter  of  about  0.4  pm.  The  9(M)  C  powder 
consisted  of  hollow  particles  with  crystallites  on  the  order  of  .70  nanometers,  as  determined  by 
TEM.  The  XRD  powder  pattern  of  ihe  material  produced  al  750  C  could  not  be  identified; 
however  the  infrared  spectrum  and  TGA  decomposition  pattern  of  the  powder  correspond  to 
the  reported  values  for  Ba2Ti20s(C03).^  The  900  C  XRD  pattern  showed  phase-pure 
BaTi03. 

SUMMARY  AND  CONCLUSIONS 

The  production  of  submicron-si/ed,  non  agglomerated,  phase-puie  PbTiOt  and  BaTiOt 
particles  from  single-source  precursors  was  demonstrated.  The  minimum  reaction 
temperatures  were  6(K)  C  for  PbTi()3  and  9(K(  C  for  BaTi03.  These  temperatures  are  high 
relative  to  lho.se  required  to  produce  crystalline,  perovskite  phase  metal  oxide  powders  from 
these  precursors  in  the  .sclid  stale.''  Tnis  is  probably  the  result  of  the  shon  residence  time  in 
the  aerosol  reactor. 

The  u.se  of  single-.source  precursors  provides  a  method  for  avoiding  the  problem  of  phase 
segregation  within  particles  that  contain  more  than  one  metallic  component.  This  approach 
al.so  provides  a  method  for  avoiding  the  problem  of  the  formation  of  unwanted  volatile 
intermediates,  such  as  PhO,  that  can  re.sull  in  a  change  of  stoichiometry  during  reaction. 
However,  hollow  panicles  were  formed  which  may  be  difficult  to  density  into  a  ceramic 
compact.  The.se  powders  should  be  suitable  for  the  fonnation  of  ceramic  films  at  low  sintering 
temperatures. 

ACKNOWLEDGMENTS 

We  thank  Leo  Archer  for  obtaining  the  X-ray  Powder  diffraction  data,  the  Center  for 
Micro-Engineered  Ceramics  for  funding  and  ONR  for  Analytical  Facilities 


REFERENCES 


1.  T .J .  Advanced  Muteriah  6(19X9)p.  1X(I. 

2.  S.W.  Lyons.  J.  Ortega,  L.  Wang,  and  T.T.  Kudas,  Mar.  Res.  Sue.  Symp.  Proc.  271 
(1992)  p.  907. 

3.  S.W.  Lyons.  T.  Ward,  T.T.  Kodas.  and  S.  Pratsinis,  J.  Mater.  Res.  7  (1992)  p.  .3.33.3. 

4.  C.D.  Chandler,  M.J.  Hampden-Smiih,  and  C.J.  Blinker.  Mater.  Res.  Sac.  S\mp.  Prac. 
in  (1992)  p.  X9. 

5.  C.D.  Chandler,  and  M.J.  Hampden-Smilh.  C/iem.Afri/er,  4(1992)  p.  1137. 

6.  C.D.  Chandler,  C.  Roger,  and  M.J.  Hampden-.Sniith.  Cheni.  Rev.  93  (1993)  p.  1205 


357 
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ABSTRACT 

The  use  of  single-source  mi.xed  metal-organic  precursors  specifically  designed  for  the 
formation  of  crystalline  perovskite  phase  mi.xed  metal  oxide  powders  has  been  investigated. 
Pyridine  solutions  of  divalent  metal  ft-hydroxycarbo.xylates  of  general  empirical  lorimiia 
.•\(02CCMe20H)2  where  A  =  Pb.  Ca.  Sr.  Ba;  Me  =  methyl,  were  designed  to  react  with 
metal  alkoxides,  for  example,  Ti<0-i  Pr)4,  w  ith  ihe  elimination  of  two  equivalents  ot  alcoliol 
to  form  species  with  fixed  A:B  stoichiometry  of  I;1  according  to  the  et|ualion: 
A(02CCMe20H)2  +  BtORlq  -— >  A(02CCMe20)2B(0R)2  +  2H0R.  Hydrolysis  of  these 
compounds  in  pyridine  produces  clear  solutions  which  on  removal  of  the  solvent  in  vacuo. 
yield  yellow  powders.  These  powders  readily  dissolve  in  ethanol  to  give  .solutions  from 
which  thin  films  c:"'  '  •  formed  either  by  dip-coating  or  spin  coating.  Tlie  crystallization 
behavior,  composition  and  ferroelectric  properties  of  these  films  is  discussed.  The 
crystallization  of  the  films  generally  required  substantially  higher  temperatures  compared  to 
powders  obtained  from  the  same  precursor  solutions. 

INTRODUCTION 

The  potential  use  of  perovskite  pha.se  ABOy  ferroelectric  thin  films  in  high  density 
DRAM's,  nonvolatile  memories,  electro-optic  shutters  and  spatial  light  modulators  has  lead 
to  an  increased  re.search  effort  to  obtain  these  ceramics  with  a  uniform  composition  and 
phase  with  a  view  to  the  integration  of  ferroe'»‘cirics  into  silicon  device  technology.  With 
these  aims  comes  the  conflict  between  high  processing  temperatures  required  to  crystallize 
the  film  and  the  low  thermal  stability  of  the  device  architecture,  in  particular,  aluminum 
interconnects.'  As  a  solution  to  this  problem,  the  sol-gel  prwess  offers  the  possibility  of 
crystallizing  the  film  ;it  temperatures  which  are  far  lower  than  conventional  solid  state 
techniques.  This  process  is  used  extensively  to  obtain  thin  films  either  by  spin  or  dip  coating 
a  substrate  wafer  multiple  limes  to  increase  film  thickness.  This  method  of  producing  thin 
films  also  has  the  potential  to  provide  gowi  homogeneity,  good  compositional  control  and 
high  purity.  However,  due  to  the  thermal  constraints  of  silicon  devices  in  which  A1 
metallization  is  incorporated,  it  is  desirable  that  the  maximum  processing  temperature  for 
crystallization  of  ferroelectric  films  is  Ixtiow  4(K1  C. 

The  ferroelectric  properties  of  these  ABf)^  materials  are  derived  from  the  c.'vslal 
chemistry  of  the  perovskite  phase.  However,  in  Pb  based  systems  the  formation  of 
pyrochlore,  initially  as  the  low  temperature  phase  has  required  that  higher  temperatures 
((S.'s!)  'O  be  used*  to  transform  the  pyrochlore  to  the  perovskite  phase.  The  control  of  the 
formation  of  the  perovskite  phase  over  the  pyrochlore  polymorph  in  lead  titanate  systems  is 
being  investigated  by  seeding  these  films  with  small  perovskite  crystallites  from  w  hich  it  is 
hoped  that  growth  of  perovskite  will  occur  at  low  temperatures  in  preference  to  pyrochlore. 
Work  with  seeding  thin  films  of  PZT  has  been  reported  and  lowering  of  the  crystallization 
temperature  of  the  perovskite  phase  was  observed. ' 
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KXPERIMEiNTAl. 

Preparation  of  the  precursors  for  Ph  ri03  and  Pb(Zr()  52  I  i().4S)03  has  licen  dcscrilwJ 
elsewhere.'*  -''  The  precursors  were  dissolved  in  an  ethanol  (95*^)  and  ethaiiolaiiiine  i.5‘;  ) 
solution  to  give  a  10  svt.'/f  concentration  of  PbTiOt.  The  solution  w  as  filtered  through  a  0.2 
niicron  filter  prior  to  use.  Silicon  wafers  onto  which  have  been  deposited  lavei  s  ol  Si()2,  l  i 
(.sOOA)  and  Pt  (2000.4)  svere  used  as  substrates  in  these  experiments.  The  oside  films  were 
deposited  by  spin  coating  the  precursor  onto  the  substrate  at  .^.500  RP.M  for  20  sec  then 
baking  at  4(H)  "C  for  ,s  min.  in  an  oxygen  atmosphere  The  feiroeleetric  properties  and 
resistivities  were  tneasured  on  a  Radiant  Technologies  R  I'obA  ferroelectric  tester  operated  in 
the  virtual  ground  mode.  The  films  were  also  characterized  by  SEM  and  XRD  ITirther 
annealing  of  the  films  was  carried  out  in  air  at  .MH)  *C 

The  60  nm  crystallites  of  PbTiOj  that  were  used  as  "seeds  were  obtained  b\  ultrasonic 
disruption  of  PbTiO^  particles  formed  by  spray  pyrolysis  of  the  .same  precursois  w  hich  has 
been  described  elsew  here.*'  A  series  of  parallel  experiments  were  carried  out  w  ith  either  the 
presence  or  absence  of  seeds. 

RESUL  lx  A.NO  ni.S'Cl  .S.SIO.V 

PhTi04 


Seeded  and  unseeded  films  were  produced  at  400  "C  and  these  were  (ountl  to  be  largely 
amorphous  by  XRD.  Hoxsever.  two  broad  peaks  at  20  =  29'  and  .'51°  which  correspond  to 
pyrochlore  and  perovskite,  respectively,  were  observed.  Analysis  of  the  peak  broadening  by 
the  Scherrer  formula  yields  a  calculated  crystallite  si/e  of-.^  nm.  The  films  annealed  at  400 
C  for  .i  miiHuCs  di.sfilaycd  linear  dielectric  beliac  tor.  Turtiier  healing  at  400  ( '  for  2-.'  hours 
sharpened  the  perovskite  peak  observed  by  .XRD  but  even  after  annealing  for  .'(i  hours  the 
film  was  still  primarily  amorphous  or  micro-crystalline.  Continued  heating  of  the  seeded 
film  at  400  ’C  for  144  hours  produced  films  with  a  well  developed  crystalline  morphology  as 
seen  in  the  SEM  photograph  (Eigiire  I ). 

These  crystallites  were  -0.2  pm  in  length  with  well  developed  facets  Heating  at  .sIH)  ’C 
for  2  hours  produced  further  crystallization  of  the  perovski'e  phase  in  both  the  seeded 
(Pigure  2)  and  unseeded  (Figure  .'')  films.  However.  SEM  observation  revealed  the  presence 
of  a  diphasic  microstructure,  indicating  that  iransformalioti  to  the  perovskite  phase  was  still 
incomplete.  The  effect  of  .seeding  the  films  at  this  stage  could  be  distitiguished  with 
increased  perovskite  transformation  occurring  in  the  seeded  film.  This  difference  was  also 
evident  in  the  XRD  of  the  tflms  which  showed  different  amounts  cf  crystallitie  development 
relative  to  the  amorphous  peak  (Figures  4  and  .5).  The  crystallite  size  of  brnh  the  films  was 
found  to  be  17  nm  by  XRD  and  this  is  in  agreement  with  the  crystallite  size  obseixed  in  the 
•SEM.  The  SEM  photographs  of  the  films  at  this  stage  showed  that  the  cry  stallized  region 
had  contracted  from  the  surrounding  material  which  may  be  limiting  the  amount  of  growth 
that  can  occur  on  the  surface  of  the  crystallized  regions  The  ferroelectric  properties  of  the 
films  were  poor  due  to  the  presence  of  the  amorphous  material  and  the  small  crystallite  size. 
Further  healing  at  .SOO  "C  continued  to  crystallize  the  films  with  growth  in  the  cry  si.illiie  size 
of  both  the  seeded  and  unseeded  films.  After  6  hours  at  this  temperature  tiiost  of  the  film 
had  crystallized  hut  some  amorphous  material  remained  in  areas  between  die  large 
cry  ..talline  regions  (Figtire  7). 
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Fililire  1.  SEM  photoiiniph  of  Pb'l'iO;  (scoiiccl)  film  Fiuiire  2.  SEM  plioioiiruph  cf 

nficr  heating  for  144  liours  ;it  400  "C.  crystal  growth  of  PhTiOr 

(seeded)  after  annealing  at  500 
‘C'  for  2  hours. 


I  igtire  4  SEVI  photogniph  of  ery.siallite  growth  in  the  iinseedcd  film  of  PbTiO;  healetl  at  .s(K) 

’('  for  2  hours. 


10,1  15.1  20.1  25.1  .^0.1  .55.1  40.1  45.1  50.155.0‘W 
2  Thctii  (uegrees) 

higure  5.  XRD  Paitcrn  of  PbTi03  .w  led  ibiii  film  after  annealing  for  2  hours  ;ii  5(K)"C, 


2  'fhcia  (degrees) 

figure  6.  XRD  Paltern  of  PbTiO,5  unsceded  thin  film  after  aiinealir'.g  for  2  hours  at  500'’C. 

f'erroeleetrie  properties  for  lead  tilanaie  films  are  displayed  in  Figirie  s  f  ilms  fired  at 
1(1(1  'X'  for  2  horns  may  be  chttraeieriited  tts  linear  dielectrics,  due  lo  the  absence  of 
Icrrocleclric  hysteresis,  indictiiing  that  they  are  most  likely  amorphous  m  pviochlore  in 
naitire.  Resistivities  for  the  sampi  -s  prep.ired  under  these  conditions  u.cic  telatiael)  higli 
V.  nil  R  =  2f+10(>  '.ltd  Ry  =  .5F.+  12f>  which  is  expected  for  an  amorphous  phase.  Fiirther 
he, It  treatment  at  500  "C  for  two  hours  resulted  in  very  lossy  hysteresis  loiips  and  a 
signiricant  decrease  in  thin  film  resistivity  R  =  lE+VQ  and  Ry  =  lE+yS2.  ’I’his  is  consistent 
with  the  crystallographic  data  which  shows  the  presence  of  small  perosskne  ciysttillites. 
l-urther  heat  ircaimenl  at  500  °C  resulted  in  some  ittiprovetiient  in  the  hysteretic 
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charactenstics  and  an  increase  in  resistivity.  However,  the  general  .shape  ot  the  limps  would 
seem  to  indicate  that  a  large  volume  fraction  of  amorphous  material  remains. 


Figure  7  SEM  photograph  of  I’bTiO.t  (seeded)  heated  to  5(X)  'C  for  6  hours. 


Figure  Sb;  Polarization  bcha\  ior  tor 
film  after  annealing  at  .‘'00  C  lor  (i  hr.. 


Ph(Zr()..s2Ti(l.4S)0.f 

The  preparation  of  thin  films  of  Pb(Zr(),52Tio.48)02.  PZI.  at  4{K)  (  which  were  not 
seeded  with  nano-sized  crystallites  was  also  invc.stigated.  The  films  were  lound  to  be 
amorphous  by  XRD.  The  SEM  photographs  indicated  that  the  films  were  featureless, 
consistent  with  their  amorphous  nature.  Annealing  the  lilms  at  ,‘i.‘i0  C  for  two  houi  s  induced 


I-iuure  8a  :  Polarization  behavior  for  film 
as  deposited  after  heating  to  40()  ''C, 
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crystallization  of  the  pyrochlore  phase  as  indicated  by  chc  XRD  pattern  Continued 
annealing  at  b?!)  "C  increased  the  dcgiee  of  crystallization  of  the  pyrochlore  phase  in  the  film 
and  perovskite  was  observed  for  the  first  time.  The  largest  peak  in  the  XRD  paiicrn  was  due 
to  pyrtx'hlore  which  indicates  that  this  phase  was  still  the  preferred  phase  at  this  temperature 
or  that  the  conversion  of  the  pyrochlore  to  perovskite  was  slow  at  this  temperature.  The 
ferroelectric  properties  of  these  films  were  poor  due  to  the  amount  of  amorphous  material 
and  pyrochlore  present  in  the  films.  These  films  were  more  difficuit  to  crysttillize  than  the 
PhTiOt  films  and  this  is  under  investigation. 

SUMMARY  AND  CONCLUSIONS 

PbTi03  and  PZT  films  were  prepared  from  single-source  precursors  ami  were  (inind  to 
he  amorphous  as  deposited  and  required  further  annealing  to  crystallize  them  The  PZ  T 
films  crystallized  in  the  pyrochlore  phase  at  550  'C  but  on  further  heating  to  O.sd  "C  the 
perovskite  phase  was  formed.  'I'he  PbTiOj  films  crystallized  as  the  perovskite  phtise  at  4(X1 
"C  htii  only  on  extensive  heating  >.sb  hours  or  by  heating  at  5(X)  'C  for  -4  hours.  Seeding 
the  films  with  60  nm  perovskite  phase  crystallites  increased  the  degree  of  crysuillizalion  hut 
did  not  lower  the  crystallization  temperature  under  the  conditions  employed. 

In  contrast  to  the  crystallization  behavior  of  the  films,  the  crystallization  of  ceramic 
]iowders  from  these  precursors  occured  at  ,^50  °C.  The  cause  of  the  different  crystallization 
behavior  in  the  films  is  currently  under  further  investigation. 
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DRY  ETCHING  OF  PZ T  FILMS  IN  AN  ECR  PLASMA 
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ABSTRACT 

PZT  films  were  etched  in  an  ECR  microwave  reactor  with  RF 
polarization.The  etch  rate  was  evaluated  using  various  ga.s  mixtures  including 
combinations  of  two  of  the  following:  CD  .  NF3  .  SF'b  and  HBr.  The  etch  rate 
was  measured  as  a  function  of  the  percentage  of  one  gas  in  the  mixture.  Other 
parameters  investigated  included  gas  pressure,  bias  voltage  on  the  electrode  and 
substrate  temperature.  Resulf.s  of  the  effect  of  temperature  show  that  etch  rates  are 
higher  on  high  temperature  substrates  than  on  low  temperature  substrates.  A 
mixture  of  Cl2  and  SF6  provided  a  PZT  etch  rate  of  750  A  /  min  on  a  substrate, 
at  approximately  100  °C.  We  evaluated  the  resultant  etch  profile  and  surface 
roughness 

I.  INTRODUCTION 

Lead  Zirconate  Titanate.  PZT,  is  a  ferroelectric  ceramic  currently  of  great 
interest  for  a  wide  range  of  electronic,  sensor  and  optical  applications  1 1  ;2).  As 
device  feature  sizes  decrease  in  the  interests  of  higher  performance,  the  use  of 
PZT  and  other  ferroelectric  materials  has  gained  increased  interest. This  is  due  to 
their  high  dielectric  constants  which  allow  greater  charge  storage  in  a  small  area. 
Other  proprieties  including  low  dielectric  loss,  temperature  insensitivity  and  high 
breakdown  strength  make  the  PZT  film  suitable  for  fabrication  of  thin  film 
capacitors. 

High  rate  etching  of  PZT  has  been  obtained  by  wet  etching  (3).  but  for  achieving 
small  feature  size  dry  etching  techniques  are  necessary.  However,  the  classical 
dry  etching  reactors  like  RIE  (reactive  ion  etching)  have  the  disadvantage  of 
relativly  low  etch  rates  (4)  and  depending  on  the  chemistry  can  involve  residues 
remaining  on  the  etched  surface  or  sidewalls.  Also  chemically  assisted  ion  beam 
etching  (CAIBE)  (5)  and  dc  hollow  cathode  plasma  etching  (6)  gave  interesting 
results  at  relativly  low  etch  rate. 

Intensive  studies  have  been  in  progress  for  many  years  on  dry  etching 
development  for  Integrated  Circuit  (ICi  technology.  Different  types  of  reactors 
were  evaluated  for  silicon,  others  semiconductors,  different  dielectrics  and 
metals.  However  the  etching  performence  approach  for  the  ferroelectric  material 
is  avaricious. 

This  paper  reports  the  results  of  PZT  and  Pt  thin  film  dry  etching  process 
development  in  a  new  generation  Elecron  Cyclotron  Resonnance  (ECR)  reactor. 
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II.  EXPERIMENTAL  SET  UP 

Dry  etching  oi  PZi  and  Pt  la.cis  vca.->  iiivc,-.iigaLcd  in  an  industrial 
prototype  machine.  RCE  160.  built  by  .Alcatel.  This  machine  can  be  used  in 
either  an  ECR  configuration  or  in  a  RIE  configuration.  Substrate  polarisation  in 
an  ECR  plasma  is  supplied  by  RF  (radio  frequency  )  biasing.  In  the  ECR 
configuration  the  plasma  is  generated  by  a  multi-antenna  microwave  source  at 
2.45  GHz  and  uses  a  multi-polar  magnetic  field  of  875  Gauss  to  create  the 
electron  cyclotron  resonance.  The  plasma  diffuses  down  to  the  substrate  area.  In 
the  RIE  ca.se.  the  plasma  is  generated  by  an  applied  radio  frequency  voltage  at 
13.56  MHz.  Fig.l.  shows  a  schematic  of  the  basic  electrical  and  vacuum 
equipment.  The  substrate  holder  is  100  mm  in  diameter.lt  is  cooled  by  a  recycled 
mi.xture  of  water  and  alcohol  and  with  helium  flow  for  the  wafer-backside 
cooling..  The  minimum  temperature  can  be  set  to  (TC.  It  is  collected  on  the  RF 
power.  The  bias  voltage  applied  to  the  substrate  can  be  selected  and  the 
appropriate  RF  voltage  is  putted  on  automatically  by  the  machine.  The  stainless 
steel  chamber  is  grounded.  Ga.ses  witch  could  be  fed  into  the  reactor  included; 
Ar.  SF6.  Cl2.  HBr  and  NFf.  or  any  combination  of  these. 


Fig.  1  .Schematic  of  the  experimental  reactor 
The  samples  consisted  of  PZT  (450  nm)  layers  prepared  by  the  sol-gel  method 
on  the  sputtered  Pt  (70  nm)  layer  deposited  on  the  oxidize  4”  Si  substrate.  The 
first  experiments  were  done  using  a  polyimide  adhesive  mask.  Later  the 
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photolithographical  process  was  applied  for  the  positive  photoresist  (Shipley 
14tX)-31)  and  Si02  mask  elaboration.  The  sample  temperature  was  evaluated  by 
temperature  stickers  placed  on  the  etched  layer  surface.  Etch  rates  were 
determined  by  an  Alphastep  suface  profilometer  and  SEM  photographs. 

Diagnostic  tools  included:  laser  interferometry  for  end-point  detection  and 
real-time  etch  rate  measurement  of  the  PZT  or  Si02  film  and  emission 
spectroscopy  for  end-point  detection. 

lI.EXPERIVtENTAL  RESULTS  AND  DISCUSSION 

Our  study  consisted,  at  first,  to  compare  the  etch  rate  of  PZT  and  platinium 
to  the  etch  rate  of  silicon  and  SiOz  for  one  given  chemistry.  Figure  2  shows  the 
etch  rate  for  the  differents  materials  exposed  to  a  plasma  of  SFh  and  CL2  (50/50) 
at  a  pressure  of  .3  pbar  for  3  minutes  .  The  silicon  and  Si02  etch  rate  variations 
as  a  function  of  bias  voltage  are  not  as  significant  as  the  etch  rate  for  PZT  and  Pt, 
where  we  can  observe  a  very  strong  increase  with  bias  voltage  .At  200  V  the  etch 
rate  is  14  times  greater  than  at  50  Volts.  By  comparison  the  Si02  etch  rate  only 
increases  by  a  factor  of  about  2.5.  The  PZT  etch  rate  is  very  dependent  on  the 
ion  energy  and  is  proportional  to  the  bias  voltage  squared  at  high  valus  end  of  the 
curve.  There  appears  to  be  no  selectivity  between  PZT  and  Pt  etching.  Under  the 
same  conditions  a  curve  is  also  shown  of  thermal  Si02  etch  rate  in  Argon 


The  energetical  impact  of  pla.sma  was  investigate  separatly  in  ECR  and  in  RF 
plasma  condition.  There  seems  to  play  a  crucial  role,  because  the  etch  rate  of 
PZT  obtained  with  pla.sma  ECR  was  negligable  and  the  same  effect  was 
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observed  for  the  RF  plasma.  Adding  RF  assistance  to  the  microwave  FX’R 
descharge  resulted  in  a  reasonable  etch  rate. 

Substrate  temperature  is  another  important  parameter  in  the  evaluation  of 
the  etching  performance.  The  substrate  and  etched  layer  temperature  was 
measured  for  two  different  RF  biases  as  a  function  of  etch  time  for  SF6  and  Cl2 
plasma  chemistries.  The  substrate  temperature  was  also  measured  for  an  Ar 
plasma  at  50V  RF  bias. The  measurements  were  perfomed  with  and  without 
backside  wafer  cooling.  As  the  etch  time  increases  from  1  minute  to  5  minutes  at 
200V  bias  voltage,  the  substrate  temperature  rises  from  245“C  to  over  290°C  for 
an  uncooled  substrate.  This  compares  with  only  SO'C  to  95  C  for  a  cooled 
substrate,  at  200  V  bias  voltage  (see  Fig.  .5).  A  similar  trend  is  een  at  50  V  bias 
voltage.  An  argon  discharge  heats  the  substrate  by  about  1 50  to  250“C  during 
four  minutes  in  uncooled  conditions  at  50V  RF  bias.  Fig.  4  shows  the  etch  rate  of 
PZT  and  Si02  as  a  function  of  bias  \oltage  for  both  cooled  and  uncooled 
substrates.  At  low  values  of  bias  voltage  the  cooling  effect  has  an  significatif 
inOuence  on  the  etcting  performencies  of  both  PZT  and  Pt  lasers.  Although  at 
200  V  the  Si02  etch  rate  is  the  same  with  and  without  wafer  cooling.  However, 
for  uncooled  PZT.  the  etch  rate  is  825  A/min  compared  with  .540  A/min  for  the 
substrate  cooling  condition. This  indicates  that  the  PZT  etch  rate  is  more 
dependent  on  substrate  temperature  than  the  S1O2  etch  rate.  The  uncooled  PZT 
etch  rate  curve  is  parallel  to  the  cooled  etch  rate  curve  on  this  logarithmic  scale, 
for  applied  voltages.  Uncooled  sub.strates  provide  higher  PZT  etch  rates  w  ith  a 
factor  of  2  to  .5.  However,  cooled  substrates  are  preferable  when  a  more  constant 
temperature  is  required  for  the  etching  elaboration. 
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Fig. 3.  Substrate  temperature  as  a  function  Fig.4.  Etch  rate  of  Si02  and  PZT 
of  etch  time  in  SF6  andCl2  (50/50':?:)  plasma 
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TTie  PZT  etch  rate  was  plotted  as  a  function  of  %  Cl2  in  SF^.  It  is  shown 
in  Fig.  5.  for  Ipbar  and  3)abar  plasma  conditions.  A  peakat  80%  Cl2  and  a 
minimum  value  at  100  %  Cl2  for  Ipbar  pressure  was  observed.  .A  mixture  of 
Cl2  and  SFft  at  this  pressure  can  increase  the  etch  rate  by  35%  over  pure  SF6  and 
by  120  %  over  pure  Cl2  etching.  At  3  pbar  the  etch  rates  are  lower  than  at  1 
pbar.  TTiis  result  is  probably  due  to  the  ECR  plasma  enhancement  contribution 
at  low  operating  pressure.  The  etch  rate  for  100  %  argon  is  60  A/mn  indicating 
that  there  is  a  large  chemical  effect  in  the  etch  rate  of  PZT. 

TTie  etch  rate  cun'e  for  %  HBr  in  SF6  is  shown  in  Fig.  6.  It  indicates  that 
Cl2  chemistry  is  more  performant  than  HBr  in  the  low  pressure  etching 
condition. 


COOLED  SUBSTRATE  COOLED  SUBSTRATE 


Fig. 5. Etch  rate  of  PZT  as  a  fonction 
of  %C12  in  SF6  at  lOOOW 
microwave  power  and  150V  bias 


Fig.6.Etch  rate  of  PZT  as  a  fonction 
of  %  HBr  in  SF^  at  Ipbar. 
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Preliminary  experiments  on  the  profile  of  etched  PZT  with  a  Si02  sloped  mask 
profile  in  50%  SF6  and  50%  Cl2  indicates  that  the  Si02  mask  profile  is 
reproduce  in  to  the  PZT  wall.  The  photoresit  mask  had  a  vertical  definition 
before  etching  and  the  etching  profile  obtained  with  this  mask,  in  the  case  of 
cooled  substrate,  was  almost  vertical. 


CONCLUSIONS 

We  have  studied  the  etching  of  PZT  and  Pi  thin  films  in  a  plasma  reactor 
combining  a  RF  and  ECR  discharge.The  etching  performance  of  the  ferroelectric 
layers  was  compared  with  the  classical  1C  materials  like  bulk  Si  and  themial 
Si02-  We  observe  a  very  important  influence  of  substrate  temperature  and  bias 
voltage  in  the  PZT  and  Pt  etching  rate  evolution.  Relaiivly  high  etching  rate  i 
850A/mn)  were  obtained  for  the  uncooled  substrate  condition  (T=28{)‘C i.The 
lower  etching  rate  was  observed  in  the  substrate  cooling  condition.  In  the 
optimisned  pressure  and  gas  composition  it  is  possible  to  have  an  etching  rate  of 
abaut  600A/mn  at  substrate  temperature  T=1(X)'C.  This  temperature  condition 
pemiits  the  use  of  a  photoresist  mask  during  etching  process. 
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ABSTRACT 

The  microstructure  of  lead  zirconate  titanate  (PZT)  thin  films  prepared  by  a  sol-gel 
technique  was  investigated  using  transmission  electron  microscopy  (TEM)  and  transmission 
electron  diffraction.  We  investigated  the  microsimcture  of  three  sets  of  thin  films  with  different 
chemical  compositions:  PZT  53/47  films  with  no  excess  PbO;  with  excess  PbO;  and  PZT  65/3.5 
with  no  excess  PbO.  All  samples  were  fired  for  30  minutes  at  temperatures  ranging  from  4(K)C 
to  700C.  Incorporation  of  excess  PbO  in  the  53/47  film  fired  at  45()C  resulted  in  polycryslalline 
perovskite  grains  with  an  average  grain  size  of  less  than  0.1  pm.  Grain  boundaries  are  decorated 
by  5-10  nm  diameter  precipitates  possibly  caused  by  the  segregation  of  remnant  py  rochlore  or 
excess  PbO.  The  films  have  high  values  of  dielectric  constant  (up  to  25(X))  w  hen  fired  at  700C. 
PZT  65/35  fired  at  700C  consists  of  two  distinct  phases:  a  fine-grained  matrix  ,nf  pyrtx  hlore. 
and  10-pm  diameter  rosettes  of  perovskite.  The  correlations  between  the  compositions,  the 
microstructure  of  the  films,  and  their  processing  conditions  on  the  one  hand,  and  femreleeirie 
properties  on  the  other  are  discussed. 


INTRODUCTION 

Lead  zirconate  titanate  (PZT)  is  one  of  the  best  known  perovskites  used  in  femselecirk 
applications  in  both  bulk  and  thin  film  form  1 1 ).  PZT  is  a  solid  solution  containing  lead  titanate 
(PT)  and  lead  zirconate  (PZ)  in  various  stoichiometric  ratios.  PZl'  x/y  refers  to 
Pb(Zrx/iooTiy/iop)03  where  x,  y  are  equal  or  less  than  1(X)  and  x-i-y  =  100.  PZ  is 
antiferroelectric  while  ^  is  ferroelectric.  Solid  solutions  of  these  two  end  members  prtxiuce 
mostly  ferroelectric  materials  whose  properties  strongly  depend  on  the  Zr/Ti  ratio.  Pl'-rieh  and 
PZ-rich  compositions  belong  to  the  tetragonal  and  rhombohedral  modifications,  respectively,  of 
the  perovskite  crystal  structure.  The  composition  of  53  atom%  Zr  and  47  310111(3  Ti  tP/.  f 
53/47)  at  the  rhombohedral-tetrahedral  boundary  in  the  PZ-PT  phase  diagram  is  the  most 
important  one  since  the  material  exhibits  maximum  values  of  dielectric  constant, 
electromechanical  coupling  factor,  and  piezoelectric  coefficients  1 1 ).  Among  various  techniques 
used  to  prepare  PZT  films,  the  sol-gel  technique  offers  possibilities  to  control  the  properties  of  a 
material  through  the  processing  conditions  used  and  the  chemistry  employed  |2|,  Several 
investigations  indicate  that  the  microsiructure  of  PZT  thin  films  depends  strongly  on  the 
composition  and  processing  conditions  [3-51.  For  example,  it  has  lieen  reported  that  w  ith  an 
increasing  Zr/Ti  stoichiometry  ratio  in  sol-gel  derived  PZT  thin  films  the  grain  size  of  the 
rosettes  increases  16|.  In  this  paper,  we  report  on  the  niicrostructure  as  characterized  by 
transmission  electron  microscopy  (TEM)  of  PCT  thin  films  prepared  by  a  sol-gel  technique.  We 
examined  PZT  53/47,  with  and  without  excess  PbO,  and  PZT  65/35  films.  The  annealing 
temperature  ranged  from  400  to  700C.  The  annealing  duration  at  a  given  temperature  was  30 
minutes. 
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EXPERIMENTAL  PROCEDURE 

To  prepare  PZT  precursor  solutions,  Pb  acetate  irihydrate  (Pb(0Ac)2*3H70)  \*as 
dissolved  in  methanol.  Freshly  distilled  Ti  iso-propoxide  and  ^  n-propoxide  in  n-propanol,  in 
the  appropriate  molar  quantities,  were  added  to  the  methanolic  Pb  acetate  solution  with  vigorous 
stirring  to  give  the  desired  stoichiometries  of  PZT  53/47  and  65/35.  After  refluxing  for  3  hours, 
the  solutions  were  concentrated  to  1 .0  M.  The  effect  of  excess  PbO  was  also  investigated  by 
incorporating  15  mole%  PbO  into  the  PZT  53/47  precursor.  Spincoating  the  precursor  solution 
on  a  clean  substrate  was  performed  in  a  Class  100  clean  room.  The  substrates  were  SidfXl) 
wafers  which  had  previously  been  thermally  oxidized  before  being  sputtered  with  Pt  to  form  a 
2000A  thick  Pt  film  on  the  1500A  thick  silicon  dioxide  layer.  The  green  films  were  fired  at 
500C  to  bum  off  residual  organics,  yielding  films  about  17(X)A  thick  per  coating.  In  order  to 
obtain  thicker  films,  multiple  coatings  were  performed.  Typically  three  coatings  were  required 
to  obtain  films  about  0.5  tim  thick.  Finally,  these  films  were  fired  at  crystallization  temperatures 
of  400,  450,  and  700C,  for  30  min.  The  structure  and  phase  of  the  films  were  detemiined  by  a 
Scintag  X-ray  diffractometer.  The  x-ray  diffraction  results  are  correlated  with  the 
microstructure  observed  in  a  Hitachi  8100  transmission  electron  microscope  at  2(X)  keV. 

TEM  samples  of  both  cross-sectional  and  plan  view  specimens  were  prepared  by  ion 
milling  with  6  kV  argon  ions.  For  cross-sectional  samples,  four  slices  of  2  mm  x  6  mm  w  aters 
were  glued  together,  mechanically  thinned  to  100  pm,  dimpled  to  about  25  pm,  and  then  ion 
milled  at  an  angle  of  15°  on  a  liquid  nitrogen  cold  stage. 


RESULTS  AND  DISCUSSION 

The  microstructures  of  PZT  5.3/47  films  containing  no  excess  PbO.  fired  at  4.50,  and 
700C  are  shown  in  Fig.l.  The  image  of  the  film  fired  at  4.50C  is  featureless  with  faint  dark 
regions  of  100  nm  in  size  (which  is  approximately  the  same  size  of  the  polycrysialline  grains  in 
PZT  53/47  films  with  excess  PbO  fired  at  the  same  temperature,  shown  in  Fig.  .3|b)).  The 
electron  diffraction  pattern  (not  shown  here)  indicates  the  presence  of  an  amorphous  phase.  In 
contrast,  the  film  fired  at  700C  consi.sis  of  two  phases.  The  phase  of  higher  density,  which 
appears  darker  in  the  micrograph,  has  a  spherical  morphology  and  comprises  roughly  80 
volume%  of  the  film.  The  selected  area  electron  diffraction  pattern  in  the  inset  of  Fig.  1  (b)  is  a 
ring  pattern  corresponding  to  polyciyslalline  perovskite  PZT  mixed  with  the  pyaichlore  phase 
(PbTiyO?,  cubic).  The  innermost  ring  has  the  highest  intensity  indicating  that  the  majontv  of 
the  grains  prefer  the  <100>  orientation.  This  is  likely  to  happen  since  the  underlying  Pt  layer 
has  <200>  orientation.  The  result  is  in  good  agreement  with  the  x-ray  diffraction  data  w  hich 
shows  the  presence  of  perovskite  and  minor  traces  of  pyrochlore. 

Fig.  2(a)  shows  a  portion  of  the  TEM  cross-sectional  view  of  the  PZT  5.3/47  film  of 
Fig.  1(b).  The  film  consists  of  polycrystalline  grains  of  50  nm  diameter  and  over  2(X)  nm  long 
The  grains  grow  along  the  direction  perpendicular  to  the  interface.  The  corresponding  electron 
diffraction  pattern  shown  in  Fig.2(b)  represents  a  perovskite  single  crystalline  pattern  v  iewing 
along  the  <1 10>  direction.  The  splitting  and/or  elongation  of  most  diffraction  spots  are  due  to 
the  misalignment  of  the  grains  along  the  viewing  direction. 

PZT  53/47  films  with  excess  PbO.  giving  a  .stoichiometry  of  Pb]  isZrp  yrTio  47O4  s. 
have  significantly  different  micro.structures.  Fig.3  shows  a  series  of  TEM  images  and 
corresponding  electron  diffraction  patterns  of  the  PZT  53/47  films  with  excess  PhO,  fired  at 
400,  450,  and  700C,  respectively.  At  400C.  the  films  have  a  small  compact  grain  size  ranging 
from  30  to  100  nm.  Grain  boundanes  are  decorated  by  5-10  nm  diameter  precipitates  possibly 
caused  by  the  segregation  of  the  remnant  lyrochlore  phase  or  excess  PbO.  The  corresponding 
electron  diffraction  shown  in  Fig.  4(a)  indicates  the  presence  of  mainly  polycrystalline 
pyrochlore  mixed  with  some  perovskite  phase.  When  fired  at  4.5(X?,  the  films  still  have  a 
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Fig.  5.  TEM  image  and  the  e'.  iron  d  ffraction  pattern  of  perovskiie  "rosette  in  PZT  6.‘'/.''5 
fired  at  7{K)C. 


Fig.  6.  TEM  image  (a)  and  electron  diffraction  pattern  (b)  of  the  pyrochlore-coniaining  matrix  of 
PZT 65/36  film  fired  at  700C. 
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polycn  stallinc  striicHirc  with  a  slightly  larger  grain  si/c.  Note  llial  this  sample  ei'iiiains  a  hieher 
density  of  decorated  precipitates  at  the  grain  boundaries  dian  ihe  tilms  tired  at  KHK'  1  ht 
dilTraction  pattern  in  Pig.  4(b)  shows  that  the  sample  consists  mainly  ot  perovskitc  aiiif  s.iok 
p>  rtKhlore.  At  a  firing  temperature  of  7()0C,  the  grains  grew  larger  w  itli  a  noticeable  dcs  rca'c 
in  the  number  of  precipitates  at  the  grain  boundaries.  The  electron  diflraciion  |iaiicrn  'Imsss  .. 
pure  perovskite  phase.  Twinnings  are  obsersed  occasionally  in  these  lilnis.  howoc;  acli 
ordered  domains  are  not  observed  in  any  of  the  sampics. 

The  effect  of  excess  PbO  on  the  microstructure  is  illustrated  In  comp. no.,  n.c 
niicrostructiire.s  of  Pig.  Itb)  and  f-'ig.  .P(b).  The  excess  PbO  enhances  gram  growth  .nut  hem  c 
results  in  higher  domain  wall  mobility.  It  also  promotes  the  formation  oi  smg'e  pii.is. 
[lerovskite  which  is  rellccteu  m  il.e  improvement  in  the  dielectric  const.mi  from  KK si  m  me  : ..m-. 
wiihoul  excess  PbO  to  a  vah*c  ot  25fK)  to.  titms  with  excess  Ph( )  for  films  fired  .it  ~i  ii  K  ' 

The  PZi  (i.'V-P.S  film  with  no  excess  PbO,  fired  at  7()t)C  hase  a  drastic ctith  n.  ';: 
structure  compared  to  the  other  filni'i  They  coitlaitt  fiuitieroiis  peroisOtc  P/I  .•  '  c.:, - 
embedded  in  .•  psrtvhlore  matrix,  l-ig.  ,s  depicts  the  general  morjihology  ol  .1  loseitc  o;  „ 
l.s  uin  in  diameter,  much  larger  than  the  va'.acs  tif  .'-4  um  di.imeter  observed  m  oh n  i  w,.  i. 
14,7|.  fhe  electron  diffraction  of  the  ro.tciie,  shown  in  the  inset,  corrcspcuids  to  .1  single  c ,  v  st.i 
of  the  perovskite  viewing  along  the  <I(X)>  dcreciioii  'fhe  spiitiiiig  of  the  dillt.ict.o:  .pii;., 
indicates  a  slith!  misalignment  of  the  rosette.  Pig.btai  shows  that  the  mains  ot  ti.c  inm  is  ,1 
mixture  of  the  two  interpenetrating  phases  with  higher  and  lower  d.-nsiiv  m.itcn.ds  ot 
approximately  .‘ill  nm  in  si/.e.  'fhe  electron  diffraction  pattern,  fig  nth,,  indic.iics  tha:  d  c 
matrix  coiuains  small  grains  of  pyrochlore  phase  I )ue  to  die  prepoiulcr.ince  i>f  ilie  p;.  loc  fin  ic 
phase  over  perovskite,  the  film  exhibits  a  low  dielectric  constant  ol  only  ('lit). 


('<)N(  l.l  SIONS 

1 .  P/'f  ,s  s.rn  films  wuhoiii  excess  Pbt )  tired  at  tutu '  .md  Ista '  .nc  .nn  'ip!  .  .,0  \V  b;  ' 
fired  ai  7(l(l(',  die  films  contain  pcrosskitc  pli.ise  with  .phenc.d  s:nh:,.;e  1:  ,  •  ; 

prciciied  onciilatioii  m  die  s-pHis  dtreclioii 

2  In  eonir.ist.  all  I’/ 1  5 ’/ 17  I  dills  w  nil  exce- s  pi'i )  1  i'ed  .11  .nn.  '.sii  ,t  'o(i( 
polycry  stall  me.  When  fned  at  -lUK '.  the  lilms  are  .1  biph.isu  m;  sine  ot  iiia.ds  ;  c  ov  bn:  c  .c  : 
some  perovskite.  fhe  fraction  ot  the  perovskite  phase  im teases  tor  !no( '  m.-  g  \t  '1 " 
lilms  are  pure  perovskite,  and  henee  have  .1  high  ciielectnc  c  'iistaitt 

,7.  P/.T  b.V.Vh  films  consist  of  two  ihstinct  phases  w  iih  perosskilc  roselics  embcnldcd 
a  pyroehlore-eontaining  matrix. 
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ABSTRACT 

Much  interest  in  the  area  of  ferroelectric  thin  films  has  been  generated  by  the  recent 
developments  in  unique  property  observation  for  these  materials.  As  deposition  methods 
move  toward  potential  commercialization,  the  imponance  of  chemically  and  thermally 
stable  at  use  temperature,  high  vapor  pressure  and  purity,  readily  available  and 
economically  competitive  sources  for  the  requisite  group  2  elements  will  emerge.  This 
presentation  entails  an  initial  overview  of  the  presently  utilized  compounds,  their 
advantages  and  disadvantages.  New  group  2  CVD  precursors  have  been  developed  based 

both  on  inter-  and  intramolecular  stabilization  of  cyclopentadienides.  alkoxides  and  (J- 
diketonates.  Recent  results  on  the  coordination  environment  around  the  central  metal  atom 
have  offered  insight  into  the  next  generation  of  polydeniate.  monoanionic  ligand  design. 
Specific  details  are  discussed  for  the  metal  complexes  of  "scorpion-tail''  P-diketoeihers. 
Results  of  comparison  studies  between  these  new  precursors  and  earlier  compounds  are 
presented  as  a  model  for  designing  future  sources. 


Introduction 

There  is  an  interest  in  the  preparation  of  some  ferroelectric  materials  in  thin  film  form 
by  chemical  vapor  deposition  (CVD). ' •  ^  One  composition  presently  attracting  attention  is 
BaTiOy.  In  order  to  achieve  reasonable  epitaxial  growth  rates  at  usable  substrate 
temperatures,  precursor  molecules  containing  the  elements  of  iniere.<^i  should  transport  in 
the  vapor  phase  a'  processing  conditions  of  less  than  200’C  and  greater  than  5  Torr.^  This 
presents  a  significant  problem  for  the  case  of  barium.  Most  researchers  have  utilized  the 
his(P-diketonate)  complexes  of  this  group  2  element  as  the  source  of  the  metal.  Although 

Baffod)!"*  and  Ba(hfac)2"ietragt>me^  each  possess  the  requisite  vapor  pressure 
characteristics  demanded  for  employment  in  CVD,  they  also  each  suffer  from  the  primary 
deposition  of  BaF2.  and  the  requirement  for  a  subsequent,  hydrolytic  conversion  into  the 
desired  oxide  form  of  the  ferroelectric  perovskite  material.^  To  date,  research  on  non¬ 
fluorine  containing,  high  vapor  pressure  barium-containing  compounds  has  focused  on 
intrarr.olecular  coordination  of  alkoxides^  and  cyclopentadienides  *  In  the  absence  of 
Lewis  bases,  hydrocarbon-base  J  (risfP-diketonates)  are  oligomeric  (Kig.  1).9  Substantial 
progress  has  been  made  in  the  utilization  of  these  compounds  in  the  CVD  growth  of 
superconducting  metal  oxides.’*' 
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Experimental 

Ba(tmhd)2*2  o-phen.  In  a  250  ml  Schlenk  flask  were  combined  1.00  g  (7.3  mmol)  of 
barium,  2.82  g  (15.3  mmol)  of  Htmhd,  5.25  g  (29.1  mmol)  of  o-phen  and  100  ml  of  THF 
(distilled  from  Na/benzophenone).  With  rapid  stirring,  anhydrous  NH3(g)  (passed  over 
KOH)  was  bubbled  through  the  mixture.  The  solution  was  warmed  to  40'C  and  the 
reaction  was  allowed  to  proceed  for  5  h.  The  solution  was  transferred  under  N2(g)  to 
another  flask  leaving  unreacted  barium  behind.  The  solution  flask  was  sealed  and  cooled  to 
-20'C.  A  pale,  beige  precipitate  formed.  This  precipitate  was  recrystallized  from  a 
minimum  amount  of  hot  toluene  (distilled  from  Na)  to  give  4.67  g  (5.4  mmol)  of 
Ba(tmhd)2*2  o-phen,  74%  based  on  barium.  Characterization:  mp:  216'C.  'H  NMR: 
(300  MHz,  positive  5  downfield  referenced  to  SifCHjla  =  0  ppm  utilizing  residual  C6D5H 
=  7. 15  ppm  in  solvent  C6D6)  9.38  (d,  2H,  o-phen),  7.41  (d,  2H,  o-phen),  7.1 1  (s,  2H,  o- 
phen),  6.93  [d,  2H,  o-phen),  5.81  (s,  lH,tmhd),  1.25  Is,  18H,  tmhd).  ‘^Cl'H)  NMR:  (75 
MHz,  positive  5  downfield  referenced  to  Si(CH3)4  =  0  ppm  utilizing  CDCI3  =  77.0  ppm) 
199  (tmhd),  I5I  (o-phen],  146  (o-phen),  136  (o-phen),  129  (o-phen),  123  (o-phen),  77 
(tmhd),  41  (tmhd),  28  (tmhd].  IR  (Nujol):  2847(vs),  1612(w),  1583(s),  1522(w),  1501(m), 
1489(m),  1417(vs),  1349(m),  1261(w),  1221(m),  1 173(w),  1168(w),  1134(w),  1119(w), 
857(m,  sh),  841(m,  sh),  785(w,  sh),  769(w.  sh),  762(w,  sh),  730(m,  sh),  712(w,  sh). 
UV/VIS:  c  =  1.44  »  10"*  M,  Xma  =  263  nm,  e  =  5.87  x  lO*  M  'cm  *,  Xma,  =  231  nm,  e  = 
10.98  X  104  M'*  cm"’.  TGA:  (Fig.  4).  Sublimation:  A  sublimator  equipped  with  a  dry- 
ice/acetone  cooled  cold  finger  was  charged  wiui  0.50  g  (0.579  mmol)  of  Ba(tmhd)2'2  o- 
phen.  The  sublimator  was  evacuated  to  10'^  Torr  and  warmed  slowly.  Sublimation 
occurred  at  220  -  260’C.  After  1  h,  0.48  g  of  sublimed  material  was  recovered  from  the 
cold  finger  leaving  a  residue  of  0  02  g.  The  ’H-NMR  of  the  sublimate  showed  it  to  be  o- 
phenanthroline  enriched,  indicating  decomposition  of  the  compound  in  the  solid  state  and 
unequal  sublimation  rates  of  the  decomposition  products. 

Ba(tmhd)2«bipy.  Under  a  N2  atmosphere,  1.32  g  (9.6  mmol)  of  barium  was  combined 
with  80  cc  of  anhydrous  Cabosil™  (dried  at  lOO’C  /  0.01  Torr  for  48  h)  in  a  250  ml  flask 
equipped  with  a  magnetic  stirring  bar  and  a  diy-ice/acetone  cooled  condenser.  Into  this 
mixture  was  condensed  125  ml  of  anhydrous  NH3(i)  (passed  over  KOH),  completely 
dissolving  the  barium.  The  NH3(n  then  was  allowed  to  evaporate  slowly  with  stirring, 
leaving  a  barium  coating  on  the  Otiosil.  The  flask  was  evacuated  to  remove  any  residual 
NH3.  To  the  resulting  gray  solid  was  added  80  ml  of  hexane  (distilled  from  LiAlHa) 
followed  by  2.68  g  (14.5  mmol)  of  Htmhd  and  5.68  g  (36.4  mmol)  of  bipy  in  20  ml  of 
toluene  (distilled  from  Na).  Rapid  gas  evolution  was  evident.  The  reaction  mixture  was 
stirred  for  3  h  and  then  filtered  through  a  Schlenk  frit.  The  frit  was  washed  with  20  ml  of 
toluene  and  20  ml  of  hexane.  The  solvents  were  removed  under  vacuum  to  give  a  white 
solid.  The  solid  was  recrystallized  from  a  minimum  amount  of  hot  hexane  to  give  4.26  g 
(4.93  mmol)  of  Ba(tmhd)2*bipy,  89%  based  on  Htmhd.  U'haracterizalion:  mp;  157’C.  *H 
NMR:  (see  above)  8.66  [d,  IH,  bipyj  F-.15  (d,  IH,  bipy),  7.1 1  (td,  IH,  bipy),  6.71  (td,  IH, 
bipy],  5.84  (s,  IH,  tmhd),  1.28  (s.  18H,  tmhd).  '^O'H)  NMR:  (75  MHz,  positive  5 
downfield  referenced  to  SifCHjla  =  0  ppm  utilizing  CUyfieDs  =  20.4  ppm)  200  (tmhd), 
157  (bipy),  150  (bipy),  137  (bipy),  124  (bipy),  121  (bipy),  90  (tmhd),  42  (tmhd),  29  (tmhd). 
IR  (Nujol);  2847(vs),  158I(s),  1564(s),  1523(w),  1480(m),  1435(w),  1416(vs),  1352(m), 
1217(w),  1169(w),  1148(w),  1121(m),  1057(w),  1037(w,  sh),  1022(w,  br),  1001(m,  sh), 
949(w),  929fw),  862(w),  790(w),  757(m),  739(w,  sh).  UV/VIS:  c  =  1.30  x  lO  *  M,  W  = 
236  nm,  £  =  13.17  x  10^  M  'cm-*,  Xmax  =  284  nm,  E  =  29.55  x  lO^  M->  cm  '.  TGA:  (Fig. 
4).  MW:  (benzene  cryoscopy)  obs.  748  g/mol  (calc,  monomer:  660  g/mol).  Sublimation: 
A  sublimator  equipp^  with  a  dry-ice/acetone  cooled  cold  finger  was  charged  with  0.75  g 
(1.4  mmol)  of  Ba(tmhd)2*bipy.  The  sublimator  was  evacuated  to  lO"''  Torr  and  heated 
slowly.  At  aporoximately  70'C  a  white  solid,  identified  as  bipy  (mp),  sublimed  onto  the 
cold  finger.  This  solid  was  allowed  to  migrate  to  the  top  of  the  cold  finger  before  the  finger 
was  cooled.  The  remainder  of  the  solid  in  the  bottom  of  the  sublimator  sublimed  at  160  - 
220’C  over  a  period  of  1  h  and  was  identified  as  pure  (Ba(tmhd)2)3,4  by  'H-NMR  and  mp. 
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Bat(tnihd)iq(Me2Si02)  *  H2O.  In  a  500  ml  3-nccked  flask,  equipped  wiih  a  reflux 
condenser  (with  a  N2(g)  inlet),  addition  funnel,  and  a  mechanical  stirrer  (all  ground  glass 
joints  were  sealed  with  silicone  stopcock  grease),  13.2  g  (0,096  mol)  of  barium  was  reacted 
with  32.0  g  (0.17  mol)  of  Htmhd.  After  one  half  of  the  Htmhd  was  added,  20  ml  of 
distilled  toluene  was  added  and  the  resulting  mixture  was  heated  at  reflux  for  2  d.  The 
solution  was  cooled  to  room  temperature  and  30  ml  of  diethyl  ether  was  added  to  dissolve 
the  solid.  The  solution  was  filtered  through  a  Schlenk  frit  to  remove  the  unreacted  barium. 
An  aliquot  of  the  filtrate  was  allowed  to  stand  at  room  temperature  for  2  d  to  grow  crystals. 
Attempts  to  synthesize  this  compound  with  stoichiometric  quantities  of  reagents  currently 
are  in  progress.  Crystallographic  data:  Formula,  Cn2H9g023Ba6Si;  Mol  Weight, 
2'’64.85;  Crystal  System,  triclinic;  Space  Group,  PI;  a  =  1473.1(4)  pm,  b  =  1860.5(4)  pm,  c 
=  2850.7(4)  pm;  o  =  73.98(2)-,  P  =  83.31(2)',  y=  75  72(2)';  V(106)  =  7268(2)  pm3;  Z  =  2; 
p  =  1.381  ^cm’;  Abs.  Coeff.  =  16.586  cm’’;  2  0  Scan  range,  2"  <  20  <  50";  Scan  mode, 
0)/  20;  No.  of  measured  reflections,  18179;  No.  of  independent  reflections,  1 1926;  No.  of 
reflections  with  Fq  >  4a  (Fq),  7175;  No.  of  refined  parameters,  712;  R  =  7.5  %;  Rw  =  9.2 
%,  Maximum  unassigned  electron  density,  1.207  e/A^,  Selected  distances  (pm)  and  angles 
('):  Bal-Ba2,  410.2;  Bal-Ba4,  402.9;  Bal-Ba6,  403.8;  Ba2-Ba3,  406.6;  Ba2-Ba5,  403.8; 
Ba3-Ba4,  413.2;  Ba3-Ba5,  402.5;  Ba4-Ba6, 407.7;  023-Bal,  313.0;  023  Ba2.  317.9;  023- 
Ba3,  329.5;  023-Ba4,  31 1.7;  Ba2-Bal-Ba4,  89.4;  Bal-Ba2-Ba3,  91.0;  Ba2-Ba3-Ba4,  88.5; 
Bal-Ba4-Ba3,  91.1;  Ba4-Bal-Ba6,  60.7;  Bal-Ba4-Ba6.  59.8;  Bal-Ba6-Ba4,  59.5;  Ba3- 
Ba2-Ba5,  59.6;  Ba2-Ba3-Ba5.  59.9;  Ba2-Ba5-Ba3,  60.6;  Ba2-Bal-Ba6,  115.2;  Ba3-Ba4- 
Ba6,  114.8;  Bal-Ba2-Ba5,  1 15.7;  Ba4-Ba3-Ba5,  115.3. 


Results  and  Discussion 

Ijitcrnidlccitlar  L£wii.Base  Stai?iix?augn 

Previous  workers  have  added  neutral  (3-diketone  to  the  carrier  gas  stream  in  efforts  to 
augment  the  vapor  pressure  of  "Ba(tmhd)2".’'  Other  research  groups  have  chosen  H20,’^ 
THF,'3  or  NHy'^  as  the  additive.  The  compound  also  has  been  crystallized  with  MeOH'^ 
and  Et20l®  of  solvation.  Although  the  vapor  pressure  of  Ba(hfac)2  was  enhanced 
substantially  upon  complexation  with  tetraglyme,  the  comparable  Ba(tmhd)2  adduct  proved 
to  be  unstable  toward  vapor  phase  dissociation  (Fig.  2).^^  Likewise,  the  nitrogen-based 

adducts  [Ba(tmhd)2*2  NH3)2^*’  (Fig.  3)  and  lBa(tmhd)2*  2  tmeda)’’  dissociated  the  neutral 
amine  in  the  gas  phase,  even  though  it  was  tightly  bound  both  in  the  solid  state  and  in 
solution. 

A  recent  report'*  of  Ba(tmhd)2-o-phen  prompted  us  to  explore  several  difunctional 
nitrogen-center^  aromatic  Lewis  bases.  The  details  of  the  preparation  and  characterization 

of  Ba(tmhd)2*Lj  were  presented  above,  in  the  experimental  section  of  this  contribution. 
The  TGA  data  for  these  compounds  has  been  summarized  (Fig.  4).  The  least  volatile 

example  given  is  Ba5(lmhd)90H  •  3  H2O.  followed  by  lBa(tmhd)2  •  2  NH3)2.  In  the 
intermediate  vapor  pressure  regime.  (Ba(tmhd)2)3,4  is  the  next  least  volatile,  closely 

followed  by  Ba(tmhd)2  •  2  o-phen.  The  most  volatile  example  shown  here  is  Ba(tmhd)2  • 
bipy;  however,  note  that  decomposition  accompanies  volatilization.  Thus,  this 
composition  is  rendered  a  curiosity  for  CVD  utilization  purposes.  Stoichiometric  mixtures 
of  lBa(tmhd)2l3,4  and  L,'^®  yielded  comparable  results  (c,  e;  d,  0  to  those  observed  for  the 
complexed  molecular  species.  Indications  of  some  solid  state  reactivity  are  presented  by 
comparison  of  the  data  for  a  mixture  containing  uncomplexed  o-phen  (e)  and  that  of  o-phen 
alone  (g).  Thus,  the  role  of  added  Lewis  base  in  influencing  the  vapor  pressure  of 
(Ba(tmhd)2]3.4,  and  chemical  derivatives  of  this  oligomer,  is  rendered  less  simple  to 
interpret.  Tbe  likely  implication  of  these  results  is  an  impeding  of  the  degree  of 
oligomerization,  and  the  resultant  concomitant  enhancement  in  vaptor  pressure,  due  to  the 
pr^isposition  of  "Ba(tmhd)2''  toward  decreased  self-catenatizing  interactions  triggered  by 
the  presence  of  the  added  Lewis  base. 


Cluster  Fonnation 

In  the  absence  of  any  external  Lewis  base,  ■'Ba(tnnhd)2''  exists  as  a  trimeric/tetrameric 
cluster.®  A  commercially  available  composition,  labeled  "anhydrous  Ba(tmhd)2",  proved  to 

be  "Ba5(tmhd)g(OH)*3  H2O"  (Fig.  5).^®  We  have  isolated  a  derivatized  cluster,  by 

reaction  with  polyoimethylsiloxane,^'  of  the  formula  Ba6(tmhd)io(Me2SiC)2)*H20  (Fig.  6). 
Presumably,  this  comes  from  either  the  primary  cluster  species  Ba6(tmhd)io(OH)2  or 
Ba6(tmhd)io(02‘^).  Credence  is  lent  to  the  peroxy  option  by  the  recent  independent 

synthesis  and  structural  identification  of  Ba6(tmhd)io(02)‘3  H2O.22 
Intramolecular  Stabilization 

Due  to  the  prevalence  of  cluster  formation  when  Lewis  bases  are  not  added  to 
"Ba(tmhd)2"  formulations,  and  the  demonstrated  vapor  phase  lability  of  intermolecular 
addition  compounds,  we  have  explored  intramolecular  stabilization  of  these  species.  These 
investigations  began  with  Ba(dmmod)2  (Fig.  7).23  Recently,  this  theme  has  been  emulated 
for  a  ketoimidate.^^  In  neither  example  was  a  panacea  discovered.  Both  compounds  are 
substantially  more  volatile  than  previous  "Ba(tmhd)2"-based  derivatives,  yet  neither  is  as 

volatile  as  Ba(hfac)2*tetraglyme. 


a  b 


Figure  1:  (a)  Molecular  representation  of  (Ba(tmhd)2)4.  The  t-butyl  groups  have  been 
omitted  for  clarity  (•  =  Ba,  o  =  0,  venex  hC).  (b)  FVoposed  structure  of  iBa(tmhd)2j3 
(0-0  H  tmhd). 


.Summary 

The  rather  large  ionic  radius  for  barium  (161  pm),^5  combined  with  its  propensity  to 
adopt  coordination  numbers  of  8  -  12,^6  presents  a  significant  challenge  to  the  synthetic 
chemist.  The  ionic  charge  (■v2)  demands  the  utilization  of  low  valent,  multidentate  anionic 
ligands  (intramolecular  stabilization)  and/or  the  incorporation  of  additional  neutral  ligands 
(intermolecular  stabilization)  to  inhibit  cluster  formation.  The  employment  of  fluorine- 
containing  ligands  reduces  the  presence  of  solid  state  hydrogen  bonding,  through  the  lone 
electron  pairs  on  oxygen  atoms  of  the  P-diketonate  ligand,  yet  introduces  the 
incompatibility  of  primary  BaF2  deposition  on  the  route  to  a  ferroelectric  thin  film.  Proper 
advantage  of  steric  bulk  can  be  important  to  limit  the  intermolecular  contacts  in  the  solid 
state,  both  by  providing  metal  atom  "coverage",  and  by  blocking  access  to  the  above- 


Figure  2:  ORTEP  plot  of  Ba(tmhd)2  •  tetraglyme.  Hydrogen  atoms  have  been  omitted  for 
clarity. 


Figure  3:  ORTEP  plot  of  the  core  atoms 
of  [Ba(tmhd)2  ♦  2  NHjIj, 


Figure  4:  TGA  (10°C/min.,  N2(g)  atm.),  (a)  iBa(tmhd)2)3,4;  (b)  IBa(tmhd)2  •  2  NH3I2;  (c) 
Ba(tmhd)2  •  2  o  phen;  (d)  Ba(tmhd)2  ♦  bipy;  (e)  stoichiometric  mixture  of  (a)  and  o- 
phen;  (0  stoichiometric  mixture  of  (a)  and  bipy;  (g)  o-phen  alone;  (h) 
Ba5ttmhd)9(OH)  •  3  H2O. 
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Figures:  ORTEP  plot  of  Ba5(tmhd)9(OH)  •  Figure  6:  ORTEP  plot  of  the  core  atoms  of 
3  H2O.  Hydrogen  atoms  and  r-Bu  groups  Ba6(tmhd)io(Me2Si02)  •  H2O. 

have  been  omined  for  clarity. 


Figure  7:  Proposed  structure  of 
Ba(dmmod)2. 


mentioned  lone  electron  pairs.  The  role  of  ligand  symmetry  has  not  yet  been  explored  fully 
for  these  systems.  In  other  examples,  it  has  been  a  major  factor  in  CVD  precursor 
development.27. 28  Likewise,  thermal  decomposition  by-products  often  lend  insight  into 
me  necessary  criteria  for  design  of  the  next  generation  of  CVD  source  compounds.22,  it 
Such  challenges  also  are  being  met  in  the  case  of  the  group  2  compounds,  however, 
development  is  proceeding  at  a  more  modest  pace,  primarily  due  to  the  charge/size  ratio  for 
barium,  one  specific  element  of  interest  for  ferroelectric  thin  film  CVD. 


Acknowledgments 

We  gratefully  appreciate  Professors  Hubert-Pfalrgraf  (Niece,  ref.  17(b))  and  Barefield 
(Georgia  Tech,  ref.  22)  for  willingly  sharing  data  from  unpublished  experiments.  The 
initL.ion  of  this  project  was  under  DARPA  contract  number  MDA  972-88-3-1066.  The 
Deutsche  Forschungsgemeinschaft  (W.  H.)  provided  a  postdoctoral  fellowship. 
MARTECH  permined  access  to  the  TGA. 


1.  L.A.  Wills,  B.W.  Wessels.  D.S.  Richeson,  and  T.J.  Marks,  Appl.  Phys.  Leu.  60,  41 
(1992). 

2.  P.C  Buskirk,  R.  Gardiner,  and  P.S.  Kirlin,  J.  Mater  Res.  7,  542  ( 1992). 

3.  G.B.  Stringfellow,  Organometallic  Vapor-Phase  Epitaxy:  Theory  and  Practice 
(Academic,  New  York,  1989). 

4.  fod  (7,  7  -  dimethyl  -  1,  1,  1,  2,  2,  3,  3  -  heptafluorooctane  -  4,  6  -  dionato)  = 
(CH3)3CC0CHC0CF2CF2CF3‘. 

5.  (a)  hfac  (1,  1, 1,  5, 5,  5  -  hexafluoropemane  -  2, 4  -  dionato)  =  CF3CXX;H(X)CF3' ;  (h) 
tetraglyme  (tetraethyleneglycol  dimcthylether)  =  CH3(OCH2CH2)4C>CH3. 

6.  (a)  K.  Timmer,  K.  Spee,  A.  Mackor,  H.A.  Meinema,  A.L.  Spek,  and  P.  van  der  Sluis, 
Inorg.  Chim.  Acta  1%,  190  (1991);  (b)  C.l.M.A.  Spee,  E.A.  van  der  Zouwen-Assink, 

K.  Timmer,  A.  Mackor,  and  H.A.  Meinema,  J.  Phys.  IV  1,  C2,  295  (1991);  (c)  G. 
Malandrino,  D.S.  Richeson,  T.J.  Marks,  D.C.  DeGroot,  J.L.  Schindler,  and  C.R. 
Kannewurf,  Appl.  Phys.  Lett.  58,  182  (IWl);  (d)  J.M.  Zhange,  B.W.  Wessels,  D.S. 
Richeson,  T.J.  Marks,  E.C.  Degroot,  and  C.R.  Kannewurf,  J.  Appl.  Phys.  69,  2743 
(1991);  (e)  S.J.  Duray,  D.B.  Buchholz,  S.N.  Song,  D.S.  Richeson,  J.B.  Ketterson,  T.J. 
Marks,  and  R.P.H.  Chang,  Appl.  Phys.  Lett.  59,  1503  (1991);  (0  R.  Gardiner,  D.W. 
Brown,  P.S.  Kirlin,  and  A.L.  Rheingold,  Chem.  Mater.  3,  1503  (1991);  (g)  A.L.  Spek, 
P.  van  der  Sluis,  K.  Timmer,  and  H.A.  Meinema,  Acta  Cryst.  C64,  1741  (1990). 

7.  (a)  W.S.  Rees,  Jr.  and  D.A.  Moreno,  J.  Chem.  Soc.,  Chem.  Commun.  1991,  1759;  (b) 
W.S.  Rees,  Jr.  and  D.A.  Moreno,  in  Spectroscopy  and  Strucuture  of  Molecules  and 
Nuclei,  edited  by  N.R.  Johnson,  W.N.  Shelton,  and  M.A.  El-Sayed  (World  Scientific, 
1992)  pp.  367-374. 

8.  (a)  W.S.  Rees,  Jr.  and  K.A.  Dippel,  in  Proceedings  of  the  International  Conference 
on  the  Ultrastructure  Processing  of  Ceramics,  Glasses,  Composites,  Ordered 
Polymers,  and  Advanced  Optical  Materials  (Wiley,  New  York,  1992)  pp.  327-332; 
(b)  W.S.  Rees,  Jr.  and  K.A.  Dippel,  Organic  Preparations  and  Procedures 
International  24,  531  (1991). 

9.  (a)  A.  Gi6iz:s,  S.  Sans-Lenain,  and  D.  M6dus,  C.  R.  Acad.  Sci.  Paris  313II,  761 
(1991);  (b)  W.S.  Rees,  Jr.,  M.W.  Cards,  and  W.  Hesse,  Inorg.  Chem.  30,  1164 
(1991). 

10.  (a)  W.S.  Rees,  Jr.,  Y.S.  Hascicek,  and  L.R.  Testardi,  in  Better  Ceramics  Through 
Chemistry  V,  edited  by  M.J.  Hampden-Smith,  W.G.  Klemperer,  and  C.J.  Brinker 
(Mater.  Res.  Soc.  Proc.  271,  San  Francisco,  CA,  1992)  pp.  925-931;  (b)  W.S.  Rees, 
Jr.,  in  Proceedings  of  the  Fourth  Florida  Microelectronics  and  Materials  Conference, 
edited  by  R.  Rasmussen  (University  of  South  Florida  Press,  1992)  p.  83;  (c)  W.S. 
Rees,  Jr.  and  A.R.  Barron,  NASA  Review  Series,  edited  by  A.  Hepp  1993,  in  press;  (d) 
W.S.  Rees,  Jr.  and  A.R.  Barron,  Adv.  Mater.  Opt.  and  Elect.  1993,  accepted  for 
publication;  (e)  W.S.  Rees,  Jr.,  Ceramics  Ind.  Inti.  1993,  April,  pp,  22-26;  (0  K- 
Watanabe,  H.  Yamane,  N.  Kobayashi,  T.  Hirai,  ana  Y.  Muto,  in  Studies  of  High 
Temperature  Superconductors:  Advances  in  Research  and  Applications,  Vol.  8, 
edit^  by  A.  Narlikar  (Nova  Science  Publishers,  New  York,  1992)  pp.  107-144;  (g) 

L. M.  Tonge,  D.S.  Richeson,  T.J.  Marks,  J.  Zhao,  J.  Zhang,  B.W.  Wessels,  H.O. 
Marcy,  and  C.R.  Kannewurf,  in  Electron  Transfer  in  Biology  and  the  Solid  State: 
Inorganic  Compounds  with  Unusual  Properties,  Part  III,  edited  by  R.M.  Johnson, 
R.B.  King,  D.M.  Kurtz,  Jr.,  C.  Kutal,  M.L.  Norton,  and  R.A.  Scott  (Amer.  Chem. 
Soc.  Adv.  Chem.  Series  226,  Washington,  D.  C.,  1990)  pp.  351-368. 

11.  (a)  tmhd  (2,  2,  6,  6  -  tetramelhylheptane  -  3,  5  -  dionato)  = 
(CH3)3CC0CHC0C(CH3)3-;  (b)  P.H.  Dickinson,  T.H,  Geballe,  A.  Sanjurjo,  D. 
Hildenbrand,  G  Craig,  M.  Zsk,  J.  Collman,  S.A.  Banning,  and  R.E.  Sievers,  J.  Appl. 
Phys.  66,  444  (1989). 

12.  S.  Matsuno,  F.  Uchikawa,  and  K.  Yoshizaki,  Jpn.  J.  Appl.  Phys.  29L,  947  (1990). 

13.  (a)  J.  Zhao,  K.-H.  Dahman,  H.O.  Marcy,  L.M.  Tonge,  T.J.  Marks,  B.W.  Wessels,  and 
C.R.  Kannewurf,  Appl.  Phys.  Lett.  S3,  1750  (1988);  (b)  J.  Zhao,  H.O.  Marcy,  L.M, 
Tonge,  T.J.  Marks,  B.W.  Wessels,  and  C.R.  Kannewurf,  Physica  C  159,  710  (1989). 

14.  A.R.  Barron,  J.M.  Buriak,  L.  Chetham,  and  R.  Gordon,  Absouct  343  HTS,  I77'h 
Meeting  of  the  Electrochemical  Society,  Montreal,  Canada,  1990. 


382 


15.  A.  Gl^izes,  S.  Sans-Lenain,  D.  Midus,  and  R.  Morancho,  C.  R  Acad.  Set.  Paris 
31211,983(1991). 

16.  P.  Zanella,  G.  Rcssetto,  A.  Polo,  F,  Benetollo,  and  M,  Porchia,  Polyhedron  11,  979 
(1992), 

17.  (a)  uneda  (N,  N,  N',  N'  -  tetramethylethylenediamine)  =  (CH3)2NCH2CH2N(CH3)2, 
(b)  L.G.  Hubert-Pfalzgiaf  (personal  communication). 

18.  (a)  o-phen  =  1,  10-phenanlhroline;  (b)  H.  Zama,  K.  Sakai,  and  S.  Oda,  Jpn.  J.  Appl 
Phys.  31L,  1243  (1992). 

19.  (a)  L  =  o-phen.  bipy;  (b)  bipy  =  2,  2'-bipyridine 

20.  S.B.  Tumipseed,  R.M.  Barkley,  and  R.E.  Sievers,  Inorg.  Chem.  30,  1 164  (1991). 

21.  A.W.  Apblett  and  A.R.  Barron,  Organomet.  9.  2137  (1990). 

22.  E.K.  Barefield  (personal  communication). 

23.  (a)  dmmod  (2,  2  -  dimethyl  -  8  -  methoxyoctane  -  3,  5  -  dionato)  = 
(CH3)3CC0CHCC)CH2CH2CH20CH3‘;  (b)  W.S.  Rees,  Jr.,  C.R.  Caballero,  and  W. 
Hesse.  Angew.  Chem.,  Int.  Ed.  Engl.  31, 735  (1992). 

24.  D.L.  Schulz.  B.J  Hinds,  C.L.  Stem,  and  T.J.  Marks,  Inorg  Chem.  32,  249  (1993). 

25.  R.D.  Shannon,  Acta  Cryst.  A32.  751  (1976). 

26.  W.S.  Rees,  Jr.,  Encyclo.  Inorg.  Chem.,  Vol.  2,  section  editor  R.L.  Wells,  editor  R.B. 
King  (Wiley,  New  York,  1993)  accepted  for  publication. 

27.  W.S.  Rees,  Jr.,  H.A.  Luten,  M.W.  Carris,  E.J.  Doskocil,  and  V.L.  Goedken,  in  Better 
Ceramics  Through  Chemistry  V.  edited  by  M.J.  Hampden-Smiih,  W.G.  Klemperer, 
and  C.J.  Brinker  (Mater.  Res.  Soc.  Proc.  271,  San  Francisco,  CA,  1992)  pp.  141-147. 

28.  (a)  W.S.  Rees,  Jr.,  D.M.  Green,  and  W.  Hesse,  Po/y/iedron  11,  1667(1992);  (b)  W.S. 
Rees,  Jr.,  D.M.  Green,  T.J.  Anderson,  E.  Bretschneider,  B.  Pathangey,  and  J.  Kim,  J. 
Electronic  Mater.  21,  361  (1992);  (c)  W.S.  Rees,  Jr.,  T.J.  Anderson.  D.M.  Green,  and 
E.  Bretschneider,  in  Wide  Band-Gap  Semiconductors,  edited  by  J.l.  Pankove  and  Y. 
Hamakawa  (Mater.  Res.  Soc.  Proc.  242,  Pittsburgh,  PA,  1992)  pp,  281-286;  (d)  W.S. 
Rees,  Jr.,  D  M.  Green,  T.J.  Anderson,  and  B.  Pathangey,  in  Chem.  Persp.  of 
Microelectr.  Mater.  Ill,  edited  by  C.R.  Abernathy,  C.W.  Bates,  Jr.,  D.A.  Bohling,  and 
W.S.  Hobson  (Mater.  Res.  Soc.  Proc.  282,  Pittsburgh,  PA,  1993)  pp.  63-67. 

29.  (a)  W.S,  Rees,  Jr.  and  C.R.  Caballero,  in  Chemical  Vapor  Deposition  of  Refractory 
Metals  and  Ceramics,  edited  by  T.M.  Besmann,  B.M.  Gallois,  and  J.  Warren  (  Mater. 
Res.  Soc.  Proc.  250,  Pittsburgh,  PA,  1992)  pp.  297-301;  (b)  W.S.  Rees,  Jr.  and  C.R. 
Caballero,  Adv.  Mater,  for  Optics  and  Electron.  I,  59  (1992). 


386 


EXAMINATION  OF  TITANIUM  OXIDES,  LEAD  OXIDES  AND  LEAD  TITANATES 
USING  X-RAY  DIFFRACTION  AND  RAMAN  SPECFROSCOPV 

LYNNtTTE  D  MADSEN  and  LOUISE  WEAVER'. 

McMaster  University,  Hamilton,  Ontario  L8S  4L7  and  ‘Northern  Telecom  Electronics  Limited 
(NTEL),  P.O.  Box  3511.  Station  C.  Ottawa,  Ontario.  Canada  KlY  4H7. 

ABSTRACT 


Single  oxides  (with  titanium  or  lead)  deposited  as  thin  films  by  low  pressure  metalorganic 
chemical  vapour  deposition  were  investigated  by  x-ray  diffraction  and  Raman  spectroscopy 
Examination  of  mixed  oxides 
(titanates)  and  silicates  were  also 
carried  out  using  these 
techniques.  The  crystallographic 
nature  of  these  thin  films  were 
examined  and  comparisons  made 
to  their  bulk  counterparts.  The 
deposition  and  anneal  conditions 
for  producing  cubic  PbTiO,  films 
are  discussed  briefly. 

INTRODUCTION 

The  motivation  for  this  work 
comes  from  the  current  interest 
in  Pb(Zr,Ti)Oi  (or  PZT)  thin 
films  for  application  in  dynamic 
or  non-volatile  random  access 
memory  cells  1 1-2|. 

Understanding  of  these  less 
complex  oxides  may  prove  to  be 
important  in  understanding 
degradation  effects  (fatigue) 
apparent  with  device  operation 
There  has  also  been  some 
indication  of  enhancement  in 
growth  characteristics  of  PZT 
through  the  use  of  seed  layers  of 
PbTiO,  |31. 

The  structural  characterization 
of  the  less  complex  oxides, 
namely,  lead  and  titanium  oxides 
and  lead  titanate  (PbTiO,)  are 
examined  using  Raman 
spectroscopy  and  glancing  angle 
(GA)  x-ray  diffraction  (XRD). 

Additional  characterization  of 
these  films  was  carried  out  using 
scanning  and  transmission 
electron  microscopy  (SEM  and 

TEM).  Figure  1:  XRD  spectra  obtained  from  (a)  low 

temperature  TiO,  deposition  and  (b)  after 
annealing,  (c)  high  temperature  TiO-  deposition 
and  (d)  after  annealing 
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EXPERIMENTAL 

Films  of  binary  or  tertiary  oxides  were  deposited  at  temperatures  ranging  from  400  to  5I5‘C 
using  metal  organic  chemical  vapour  deposition  (MOCVD)  with  standard  Ti  and  Pb  precursors 
and  O,  gas  Nitrogen  was  used  as  a  balance  and  purge  gas  The  deposition  temperature  refers 
to  the  wafer  chuck  temperature  and  not  the  actual  wafer  temperature  which  was  correspondingly 
lower  by  some  20  to  30°C  Pressure  in  the  deposition  chamber  was  moniiored  using  a  baratron 
gauge  and  was  throttle-valve  controlled  to  values  ranging  from  0  6  to  3  Torr  in  accordance  with 
the  selected  deposition  parameters.  Film  thicknesses  varied  from  200nm  to  6^1  m  (as  measured 
using  SEM  and/or  TEM  cross- sections)  for  deposition  durations  of  20  to  240  nun  100  mm 
substrates  of  Si  <  100 >  or  same  coated  with  100  nm  of  SiO-  were  used  Interactions  between 
the  films  and  underlying  layers  appeared  independent  of  the  presence  or  absence  of  an  oxide 
coating.  Analysis  of  the  films  was  carried  out  on  the  films  as-deposited  and  after  a  rapid 
thermal  anneal  (RTA)  of  6I5°C  for  40s. 

Powder  samples  were  obtained  from  Johnson  Matthey  |d|:  PbO  (litharge  and  massicot 
samples),  PbOi,  PbjOj,  PbSiO,.  and  PbTiO,.  Powders  of  bulk  materials  served  as  standards 
for  Raman  spectroscopy  where  references  did  not  otherwise  exist  Raman  spectra  were 
collected  using  an  ISA  MOLE  S3000  Raman  microprobe  system  The  Raman  spectra  were 
excited  with  the  457  9  nm  line  from  a  5  kW  Ar*  laser  Powder  samples  were  pul  into 
precision  optical  cells  to  avoid  possible  vapourization  of  the  lead  powder  by  the  laser  Tlie 
power  at  the  sample  was  attenuated  to  -200  mW  and  an  accjuisiiion  scanning  lime  of  50  s 
covering  the  wavenumber  range 
from  105  to  2758  r-cm  ‘  was 
used. 

X-ray  diffraction  data  was 
collected  on  a  Siemens  D500  (Cu 
Ka  source)  diffractometer  in  the 
d-26  and  grazing  incidence 
configuration.  The  6-28  mode 
was  used  for  the  powder  samples 
described  above,  while  the  thin 
films  were  examined  in  GA 
mode.  The  grazing  incidence 
attachment  was  equipped  with 
0.  r  divergence  soller  slits  and  a 
LiF  (100)  monochromator  crystal 
and  was  used  in  parallel  mode 
configuration.  Operating 
parameters  of  45  kV  and  40  mA 
were  used  and  acquisitions  were 
carried  out  using  a  1  to  4s  dwell 
time  and  a  step  size  of  0.05".  A 
fixed  GA  of  2°  was  used  except 
where  other  GA’s  are  specified. 

The  samples  analyzed  were 
approximately  15  by  51  mm  in 
size  and  were  mounted  in  a 
customized  jig  for  holding  silicon 
samples  from  100  mm  diameter 
wafers.  Phase  identification  was 
aided  through  the  use  of  the 
Siemens  system  and  pPDSM 
software  packages  in  conjunction 
with  ICDD’s  Joint  Committee 
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Wavenumbers  (rcm-1) 

Figure  2:  Raman  Specta  of  TiO;  standard  for  rutile 
(a),  anatase  (b),  and  low  temperature  (c)  and 
high  temperature  (d)  TiO-  thin  films. 
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Table  I:  Crystallographic  variation  through  a  litharge  and  fT)0;  film 


Major  reflections  (>20^  maximum  intensity  for  standards)  are  indicated  with  bold  type 


Powder  Diffraction  Standards  (JCPDS) 

Electron  microprobe  analysis  (EMPA)  was  carried  out  with  an  accelerating  voltage  of  15kV 
using  a  large  spot  size.  Data  was  averaged  over  ten  locations  and  corrected  using  oPZ 

RESULTS  AND  DISCUSSION 


All  the  titanium  oxide  films  deposited  gave  the  expected  TiO,  low  temperature  phase  anata»e 
As  anticipated,  the  anneals  were  insulTiciem  to  cause  the  phase  iraiisfoi nijiion  lo  rutile,  .A  wide 


variation  in  deposition  rates  and 
film  texture  was  observed. 
Samples  deposited  at  400"  C  had 
a  low  deposition  rate  of  280 
nm/min  and  no  obvious  preferred 
orientation  (fig,  1 1  when 
compared  to  the  JCPDS  anatase 
standard  (21-1272),  while  the 
high  temperature  deposition  at 
515°C  resulted  in  almost  twice 
the  deposition  rate,  520  nm.'min. 
and  films  with  a  strong  21 1 
reflection  indicating  a  preferred 
orientation  (fig,  1 ),  Raman 
spectra  were  similar  for  both 
cases  and  were  indicative  of 
anatase  phase  (fig. 2). 

Primarily  four  types  of  lead 
oxide  were  deposited  either 
singly  or  in  combination  with 
each  other  |5|.  Litharge,  the  low 
temperature,  tetragonal  form 
which  is  red  in  appearance  exists 
in  equilibrium  at  491  +3°C  |6| 
with  massicot,  the  high 
temperature,  yellow, 
orthorhombic  form.  An  early 
study  |71  showed  a  complex 


phase  relationship  between  20  4C  60  80 


massicot  and  litharge  in  terms  of 
pressure,  temperature  and 
stability,  however  researchers 
have  shown  massicot  can  be 


Two-Thela  (degrees) 

Figure  3:  XRD  spectra  of  one  sample  of  litharge- 
PbOv  (a)  and  a  sample  of  massicot-PbO;  (b) 
acquired  usi'-g  2'*  GA. 


Table  IT  Types  of  lead  manatc  eompounds  in  tiie  JCPDS  database 


Compound 

Crystal  System 

JCPDS  reference 
number 

C'onuik'..  \anic 

PbTiO, 

cubic 

40-99 

PbTiO, 

tetragonal 

6  452 

macedonite 

PbTiO, 

tetragonal 

42  4 

Pb.Ti.O, 

cubic 

26  142 

pvrochlore  i^siructure  i>pe> 

PbTi.O,. 

cubic 

20-601 

PbTi,0, 

monoclinic 

21  949 

stable  at  ambient  temperatures  16].  The  deposttion  parameters  used  in  this  work  bridged  the 
pressure-temperature  region  where  either  form  could  be  produced  As  well,  the  composiiu'ii 
where  oxygen  is  greater  than 
lead  resulted  in  the  presence  of 


PbO,  (scrutinyite)  with  litharge 
or  massicot  (fig.3l  One 
sample  examined  by  XRD  was 
identified  as  a-PbO  rather  than 
PbO  litharge  (as  the  former 
matched  with  the  standard  for  3,1 
reflections  and  the  latter  only 
matched  on  14), 

Depth  profiling  from  0.5  to  10’ 
GA  was  undenaken  for  one 
(itharge/PbO.  sample  producing  a 
very  complex  array  of  reflections 
(Fig  f)  Due  to  overlapping 
peaks  at  one  or  more  2d  values 
(Table  I)  and  strong  preferred 
orientation;  tt  is  difficult  to 
identity  the  phase  changes 
throughout  the  film.  However, 
conventional  0-26  XRD  indicates 
a  predominance  of  litharge  and 
calculations  from  F.MPA  results 
suggest  less  than  15%  PbO. 

XRD  analyses  showed  some 
powder  samples,  such  as  litharge 
to  contain  massicot  impurities, 
however  it  was  still  possible  'o 
obtain  defining  Raman  signatures 
for  comparison  purposes.  Other 
researchers  have  reported 
difficulties  securing  pure  samples 
and  have  used  specially  grown 
crystals  instead  16|.  However 


the  differences  in  the  spectral 
region  of  289r-cm  '  between  the 


T»o-TheU  (degrees) 


massicot  and  litharge  is  sufficient 
to  make  a  positive 


Figure  4:  XRD  spectra  for  GA  of  2®  (a),  5°  (b) 
and  10®  (c)  GA  in  all  cases  indicating  a  mixture 
of  litharge  and  PbO.. 
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Table  III:  Comparison  of  residual  d-spacing  values  (nm)  of  lead  litanaie  films  lo  siand-'rd 


patterns. 


Thin  Films 

Standard  for  Massicot 

Standard  for  Pti.Ti,0„ 

29758.  .29749 

29459 

.302 

3078.  .3079 

3068 

315 

identification.  The  differences  in  excitation  in  this  region  was  used  to  confirm  the  XRD  thin 
film  results  with  Raman  spectroscopy 

In  the  creation  of  PbTiO,  films  it  is  necessary  to  balance  the  Pb  and  Ti  deposition.  The 
composition  of  the  films  was  easily  manipulated  through  changes  in  deposition  temperature  and 
pressure  and  source  flow  rates  and  temperatures.  At  low  deposition  temperatures  (400°C).  the 
Pb  deposition  rate  was  reduced  such  that  a  pure  anatase  film  was  created.  The  otherwise 
identical  conditions  for  a  515°C  PbTiO,  were  used  with  N,  substituted  for  the  Ti  source  In  the 
absence  of  the  Ti  precursor,  just  Pb.  in  its  pure  non-oxidized  form  was  deposited 

At  least  six  types  of  Pb-Ti-O  compounds  are  known  to  exist  (Table  II)  and  two  PbTiO,  forms 
were  positively  identified  in  terms  of  the  thin  films  examined  here  As  deposited  the  lllms  were 
macedonite  as  the  transition  temperature  for  the  phase  change  is  490°C  |8|  Due  to  the 
interaction  with  the  underlying  layers,  silicates  were  formed  at  the  oxide  or  Si  interface  during 
the  deposition  process  (fig  5).  Commonly  a  pyrochlore  phase  is  observed  with  PbTiO,  or  PZT- 
type  compounds  |9|,  but  it  is  not 
clear  from  the  XRD  analyses  that 
this  compound  is  present  (Table 
III)  Massicot  seems  more  likely 
as  a  secondary  phase  than 
pyrochlore  as  calculations  from 
EMPA  results  indicate  excess  Pb 
is  present. 

Upon  annealing  films  close  to  a 
1: 1  Pb:Ti  ratio  transformed  to 
the  high  temperature  PbTiO, 
phase  (40-99)  (fig. 6),  while  those 
films  off  stoichiometry  by  too 
great  a  factor  remained  as 
macedonite. 


CONCLUSIONS 

MOCVD  films  of  anatase  TiO; 
were  deposited  regardless  of  the 
deposition  and  anneal 
temperatures  used  within  the 
limits  of  this  study.  Lead  oxide 
depositions  produced  various 
compounds:  litharge,  massicot, 
a-PbO.  scrutinyite,  and  pure 
lead.  PbTiO,  thin  films  must  be 
close  to  stoichiometry  or 
excessive  amounts  of  lead  oxide 
will  prevent  the  tetragonal  to 
cubic  conversion  with  high 
temperature  anneals  of  615°C. 


Figure  5:  XRD  spectra  of  two  macedonite  samples 
with  impurities  as  indicated. 


390 


Two-Theta  (defrees) 

Figure  6:  XRD  spectra  of  annealed  film  showing  match  to  cubic  PbTiO,  40-99 
standard  (vertical  lines). 
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ABSITiACT 

Optical  excitations  for  irivalent  platinum  tft)  and  trivalent  Pb  (6s^ )  ions  In  lead  tiianale 
single  crystals  have  been  observed  for  the  first  time  by  electron  paramagnetic  resonance  (EPR). 
The  g  and  hyperfine  coupling.  A.  tensors  of  Pf''^  defects  were  found  to  be  axial:  gn  =  L9.SX. 
ga  =  2,47X.  All  =  0.0164  cm  ',  and  Ai  =  0.0324  cm  '.  Analysis  of  the  EPR  spectra  by 
crystal  field  theory  indicates  that  the  Pt+^  ions  are  in  tetragonally  distorted  (elongated) 
octahedral  sites,  strongly  sugge.sting  that  they  substitute  for  the  central  Ti*'^  ions  in  the 
perovskite  lattice.  Axially  symmetric  Fe'''^  impurities  were  also  observed  in  the  crystals,  and 
they  also  appear  to  substitute  for  the  Ti'*^  cation.  Identification  of  Pb'''^  in  these  single  crystals 
further  she  vi,  diat  h'^les  trapped  at  Pb'''^  ions  are  an  inherent  feature  of  Pb-based  perovskite 
ferroelectrics. 


INTRODUCTION 

Transition  metal  ions  in  type  ABO)  perovskite  compounds  have  been  widely  studied  by 
electron  paramagnetic  resonance  (EPR)  and  optical  spectroscopy  methods  11-41.  In  most  cases 
it  is  believed  that  they  behave  as  deep  centers  and  significantly  affect  the  electronic  and  optical 
properties  of  the  ceramic  involved.  In  recent  years.  PbTiOy,  and  lead  zirconate  titanate  (PZT). 
ceramics  have  attracted  much  attention  for  use  in  non-volatile  semiconductor  and  optical 
memories.  However,  unlike  BaTiO^,  and  SrTiOj,  very  little  is  kr.owii  about  the  nature  or 
identity  of  paramagnetic  centers  in  PbTiOi  15.6).  In  this  study,  we  have  used  EPR  to  obtain 
such  information  for  PbTiOr  crystals;  we  find  for  the  first  time  that  optical  illumination  activates 
Pt*'  and  Pb*"^  ions  in  these  crystals  Fe’*'^  ions  were  al.so  observed  in  the  as-received  cry  stals. 
The  observation  of  Pt  in  the  PbTiO^  crystals  may  be  of  considerable  interest  since  it  is  widely 
used  as  the  interface  electrode  in  semiconductor  ferroelectric  memories.  The  observativ..n  of 
Pb*"^  centers  in  these  crystals,  coupled  with  our  earlier  observations  of  Pb"*^^  in  polycrystalline 
PZT  ceramics  17).  shows  that  these  centers  are  not  located  at  grain  boundaries,  and  are  thus, 
gemiane  to  Pb-based  perovskite  lerroelectrics. 


EXPERIMENTAL  DETAILS 

The  PbTiOt  crystals  were  grown  by  a  self-flux  method.  The  starting  material  was 
comprised  of  7X-82  mol%  PbO  (>99.9%)  and  18-22  mol%  TiOi  (>99.9'7t ).  The  mixture  was 
placed  in  a  pure  platinum  crucible  (most  likely  the  source  of  Pt  observed  in  tliis  woik)  of  .50  ml 
capacity  and  heated  to  1 10()'’C  for  over  15  hrs.  slowly  cooled  to  93()°('  at  a  constant  rate  of 
approximately  0.3-L5°C/hr.  and  then  cooled  to  room  temperature  in  approximately  72  hrs. 
Greater  experimental  details  are  provided  in  Ref  X.  fwo  crystals  types  were  investigated:  black 
and  yellow.  The  original  purpose  of  this  study  was  to  determine  if  EPR  could  aid  in 
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uiuierstanding  llie  difference.  It  was  found  that  the  black  crystal  had  signiticaittly  more  Fe  and 
Pt  transition  metal  impurities  than  the  yellow  crystal. 

The  EPR  measurements  were  made  at  77K  using  an  X-band  Bruker  ESP-30()E 
speedometer.  An  optical  access  EPR  cavity  was  used  to  UV-illuininate  die  .sample  in  situ  with 
2.8  eV  monochromatic  light.  An  Oriel  100  W  Hg  arc  lamp  in  conjunction  with  a  2.8  eV 
narrow-band  interference  filter  was  used  as  the  monochromatic  light  source  The  light  power 
density  was  1  mW/cm^. 

RESULTS  AND  DISCUSSION 

A.  Fe+-'’ 

Tlie  black  as-received  PbTiO^  crystal  exhibited  a  fairly  large  axially  .symmetric  EPR 
signal.  Figure  1  shows  the  angular  dependence  of  the  three  resonance  lines  of  Fe'*'^  by  rotating 
the  magnetic  field  around  one  of  the  symmetry  axes.  The  resonance  could  be  fit  by  the 
following  spin  Flamiltonian  for  an  S  =  1/2  system, 

II,  =  giiliUzS,,  -r  glB(H,Sx  +  HySy)  (1) 

where  U  is  the  Bohr  magneton,  H  is  the  magnetic  field  and  gn  (gx)  is  the  g-value  parallel 
(perpendicular)  to  the  symmetry  axis  (gi|  =  2.071  and  gx  =  5.927).  It  was  determined  that 
Fe+3  was  the  source  of  the  paramagnetism  since  its  spin  Hamiltonian  parameters  are  very  clo.se 
to  that  observed  earlier  in  PbTiO^  121,  BaTi03  (I),  and  SrTiOj  14|.  The  solid  lines  are  fit  by 
solving  the  spin  Hamiltonian  in  eqn.  (I).  The  zero  field  cry.stal  splitting  for  this  ion  is  very 
large  (D  >  hv),  which  is  attributed  to  a  large  tetragonal  field.  It  has  been  suggested  that  an 
adjacent  oxygen  vacancy  is  the  origin  of  the  large  tetragonal  field;  hence,  this  defect  is 
sometimes  denoted  as  an  Fe+^-oxygen  vacancy  center  11,41.  The  identification  of  gx  was 
determined  by  the  rotation  of  the  magnetic  field  around  one  of  the  crystal  axes,  i.  e.,  rotation 
within  the  (100)  plane  yielded  an  orientation  independent  resonance  line  (Fig.  1 )  which  resulLs 
from  paramagnets  whose  z  axes  always  remain  perpendicular  to  the  external  magnetic  field. 
Since  the  g-tensors  exhibit  axial  symmetry,  and  it  is  well  known  that  PbTiOf  has  a  tcuagonal 
crystal  structure,  we  expect  that  Fe'*'^  has  substituted  for  Ti+‘^  as  was  also  found  by  other 
investigators  1 1,2,4|. 


Fig.  1.  Angular  variation  of  the 
effective  g-value  of  the  Fe’*' 
resonance.  There  are  three  lines 
associated  with  Fe”*"-^.  is  the  angle 
in  degrees  from  the  1001 1  direction  in 
the  ( 100)  plane. 
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B. 

Following  2.8  eV  illuminaiion  at  77  K.  a  new  EPR  signal  was  activated  in  the  PbTiO^ 
crystals,  with  clearly  resolved  hyperl'ine  structure,  as  illustrated  in  Fig.  2.  (This  activated 
resonance  was  generated  to  a  much  larger  degree  in  the  black  crystal.)  In  EPR.  the  chemical 
signature  of  the  paramagnetic  defect  is  uniquely  characterized  by  its  hyperfine  structure,  where 
the  number  of  spectral  lines  is  given  by  21  +  1,  where  I  is  the  nuclear  spin.  For  an  element  with 
.several  isotopes  having  different  nuclear  moments  and  spin,  the  EPR  spectrum  will  be  a 
superposition  of  the  electronic  Zeeman  and  nuclear  hyperfine  spectrum  of  each  isotope  weighted 
by  its  natural  abundance. 


Fig.  2  EPR  spectrum  showing  the 
Pl+3 

resonance  following  2.8  eV 
illumination  at  77K.  H  is  parallel  to 
the  [001 1  direction. 
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We  attribute  the  observed  spectra  in  Fig.  2  to  an  impurity  with  several  possible  isotopes 
having  I  =  0  or  I  =  1/2.  The  central  lines  (marked  by  the  arrows)  are  due  to  the  I  =  0  isotopes 
whereas  the  two  .satellite  lines  about  each  central  line  are  due  to  the  1  =  1/2  isotopes.  We  find 
that  the  experimental  ratio  of  the  doubly  integrated  intensity  of  the  central  line  to  the  satellite 
lines  is  1.96,  in  excellent  agreement  with  that  expected  value  for  platinum  ions  (I.9.‘j86). 
Platinum  has  four  stable  isotopes  of  which  •94pt.  I96pi  l^Spi  (,f,  2  %  abundant  and 
have  1  =  0,  while  ’‘^•‘’Pt  is  33.8  %  abundant  and  has  I  =  1/2.  Platinum  is  the  only  element  in  the 
periodic  table  that  can  explain  the  EPR  spectrum  of  Fig.  2. 

Flaving  determined  that  the  EPR  signal  is  due  to  a  Pt  impurity,  we  rotated  the  PbTiOt  crystal 
within  the  (100)  plane  to  determine  the  magnetic  anisotropy.  The  observed  anisotropy  of  the 
effective  g-value  is  illustrated  in  Fig.  3.  The  observed  S  =  1/2, 1  =  1/2  spectra  can  be  fit  by  the 
following  Spin  Hamiltonian, 

//j  =  gllpH^S,  +  giPdIxS*  +  IlySj.)  +  All.Sd,  -r  A.(SxIx  Syly)  (2) 

where  A||(Ai)  is  the  nuclear  hyperfine  coupling  constant  parallel  (perpendicular)  to  the 
symmetry  axis,  S  (I)  is  the  electron  (nuclear)  spin,  and  the  other  terms  are  the  same  as  in  eqn. 
( I ).  The  fit  is  illustrated  by  the  bold  lines  in  Fig.  3.  The  axial  spin  Flamiltonian  parameters  arc 
gll  =  1.938  ±  0.001,  gi  =  2.478  ±  0.(H)1,  An  =  0.0164  ±  0.0002  cm  ',  and  Aj  =  0.0324  ± 
0.0002  cm  '.  Again,  as  di.scussed  earlier,  gx  was  determined  by  the  orientation  independent 
resonance  line.  It  is  reasonable  to  as.sume  that  the  Pt  substitutes  for  the  Ti"’'^  since  (1)  it 
exhibits  axial  symmetry  and  (2)  the  ionic  radii  of  the  Pf’’'*  (0.77  A)  and  Ti^’’  (0.75  A)  ions  are 
similar  |9|. 
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From  crystal  tlcld  tlicory  it  is  possible  to  deteriiiinc  the  striieiure.  and  oxidation  state,  ot  the 
optically  generated  Ft  ion  in  the  perovskite  lattice.  Since  the  ground  state  of  the  Ft  resonance 
can  be  fit  using  an  S  =  1/2.  1  =  1/2  systeni,  two  oxidation  states  are  possible  for  the  Ft  ion.  Ft* ' 
(d^J  and  Pt*(d'^)  as  long  as  the  Ft  ion  is  in  a  (etragonally  distorted,  strong  octahedral  field  as 
schematically  illustrated  in  Fig.  4  ( 10).  Linder  the  strong  field  limit,  the  octahedral  cry  stal  field 
must  be  greater  than  the  .spin  pairing  energy;  5d  ions  are  almost  always  under  the  strong  field 
approximation  1 11,121.  Since  the  Ft  substitutes  for  the  Ti*"*  ion  in  the  lattice,  it  is  more 
reasonable  from  charge  considerations  to  assume  that  the  oxidatie..  state  of  the  Ft  is  +3  rather 
than  + 1 ,  as  was  assumed  for  BaTiOt  crystals  doped  with  Ft  1 1 3 ). 


Fig,  3,  Angular  dependence  of  the 
Pf*-^  g-tensor.  The  defect  exhibits 
axial  symmetry  There  are  three 
resonance  lines  associated  with  Ff*^. 
0  has  the  .same  meaning  as  in  Fig.  I. 
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Fig.  4.  Schematic  illustration  of  the 
environment  around  the  ion  in 

PbTiOs. 


(f 

pt3^ 


Ford^tth.e)  ions,  i.e..  I't*',  in  tetragonally  elongated,  strong  octahedral  fields,  the  g- 
tensors  are  predicted  to  be  ( I4| 


gil  =  gc  -  33.2/A3 

(3 

-  ge(  1  -  iX/A)  -  f)X-/A- 

(4 

where  X  is  the  spin-orbit  coupling  constant  (X  <  0).  and  A  is  the  crystal  field  splitting.  From 
eqns  (3)  and  (4)  it  is  easy  to  .sec  that  gj  >  gii.  gli  <  gc.  and  gi  >  g^..  which  are  all 
experimentally  observed,  and  consistent  with  our  assignment  of  Pt*^  1 14] 
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Al  llus  jun^jturc.  il  sluuiUl  tv  nicniumcvl  ihiil  Uicsc  rcsiiUs  alsv)  iiuiicalc  iliai  ihe  iix>itaiu>n  stale 
ot  ttic  lUamuii/u’iic  Pi  ions  ..i  the  virtiai,  linilluntinaicd.  PbliOt  crystals  is  ^4.  Since  the 
greaiesi  licnsiiy  ol  opiically  j:  *neraied  ions  was  observed  wiili  photon  energies  arouiui  2.K 
eV  (a  photon  energy  or  2.X  eV  roughly  corresponds  to  the  optical  band-gap  ot  these  crystals),  it 
IS  reasonable  to  assume  dial  it  is  the  capture  of  the  photo-generated  electrons  at  diamagnetic  Ff^ 
u»iis  lital  makes  them  paramagnetic. 

[‘b+  ’ 

Myurc  .S  shows  that  optical  illuntination  ol  the  yellow  crystal  leads  to  the  generation  ol 
another  HPR-aetive  center  centered  at  g  =  I  9‘)6X.  This  center  was  ncit  observed  in  any 
appreciable  concentration  in  the  black  crystal,  probably  since  the  light  is  only  absorbed  at  the 
siirtace.  Lvidently,  in  the  yellow  crystal,  a  greater  density  of  these  EPR-centers  is  created  since 
the  2.x  eV  light  can  penetrate  further  into  the  sample.  In  a  sepa,-';e  work  on  polycrystalhne 

P'ZT  ceramics  (71.  we  demonstrated  that  the  EPR-sigital  around  g  =  1.995  is  due  to  by 
observing  the  very  large  nuclear  hyperfine  interactions  of  the  21.1%  I  =  1/2  2l)7ph  nuclei.  To 
eonfinn  that  the  resonance  at  g  =  1 .996X  is  also  due  to  Pb”*^-^  in  these  PbTiO^  crystals,  we  have 
been  able  to  observe  the  core  -**^Pb  hyperfine  interactions  located  at  5522  G  and  1 1,22,5  G  (not 
shown).  Analysis  of  this  resonance  by  exactly  diagonalizing  the  spin  Hamiltonian  indicates  that 
the  hyperfine  interaction  is  extremely  large  (fllO  cm"^).  (Recall  that  the  largest  Pf*'-^ 
hyperfine  interaction  was  only  0.0324  cm' ' .)  Ttiese  observations  in  part  demonstrate  that  the 
paramagnetism  in  Fig.  5  is  due  to  Pb’*'-^  ecr.icrs. 
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Fig.  5,  EPR  spectrum  of  Pb"*"-' 

•  • 

following  2.x  eV  illumination 
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The  additional  features  associated  with  the  Pb'*'-^  signal  in  Fig.  5  most  likely  arise  from 
’'*^Pb  superhyperfine  interactions  from  nearest  neighbor  Pb  sites  in  the  crystal.  Becau.se  of 
space  limitations,  the  spin  resonance  features  as.sociated  with  the  Pb'*'-^  center  in  these  PbTiG.5 
crystals  '.vill  be  discussed  in  greater  detail  elsewhere  |  Ibl 

We  believe  that  the  observation  of  Pb'*'-'  in  the.se  single  crystals  is  of  considerable 
importance  in  our  understanding  of  this  tenter  in  this  class  of  ferrocleetric  materials.  In  another 
paper  within  these  proceedings  1 17|,  it  was  shown  that  the  Pb'*'-'  centers  could  only  lx:  optically 
generated  in  the  perovskite  stniciure  of  polyery.stalliiic  P'ZT,  i.e.,  Uie  amorphous  and  pyrtxhlore 
phases  did  not  shmv  the  optical  activation  of  Pb*^'.  Observation  of  these  tenters  in  single 
crystals  enables  us  to  also  .show  that  Pb+-'  eeiilers  are  not  an  artifact  of  the  polyerystallinc 
ceramics  For  example,  we  now  know  that  the  defects  are  not  located  primarily  at  grain 
houiutaries.  '['hese  results,  coupled  with  our  earlier  observations,  provide  a  fundamental 
understanding  of  Ihe  Pb^-'  center.  It  is  simply  a  hole  trapped  at  the  corner  Pb'*'-  site,  and  that 
these  centers  appear  to  be  an  intrinsic  part  of  Pb-based  perovskite  ferroclectncs. 
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In  conclusion,  see  huve  been  able  lo  observe  the  optical  generation  of  I’l^  ’  ami  l’h+  '  tons 
in  PbTiOt  crystals.  Since  the  Pt^  '  l-PR  spectrum  is  axially  symmelnc,  and  can  be  described 
by  an  S  =  1/2,  I  =  1/2  system,  t  has  been  argued  that  the  Pf*^ '  ions  are  in  a  tetragonally 
ilistorled  strong  >.-,iahcdral  Held,  and  have  substiiuted  for  tlie  ccntial  Ti*'  ions  in  this  perovsl.ite 
lattice.  The  observation  ot  Pb+  '  centers  in  the.se  single  crystals  provides  additional  evidence 
that  these  delects  are  an  intimate  leature  of  Ptvbased  perovskite  ferroelectrics 
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ABSTRACT 

Various  dielectric  thin  films  have  been  studied  for  electroluminescence  display 
(ELD)  application  to  improve  dielectric  constant  and  breakdown  voltage  In  this 
work,  amorphous  BaTIOj  thin  films  were  deposited  on  indium  tin  oxide  (ITO)  - 
coated  glass  substrates  by  atomic  layer  epitaxy  (ALE)  using  metalorganic 
precursors  Influences  of  deposition  conditions  on  microstructure  int.-rface 
characteristics  and  dielectric  properties  are  investigated  It  was  possible  to  obtain 
dielectric  films  with  good  dielectric  properties  and  textured,  flat  surface 
microstructure  without  defects  due  to  the  improvement  of  qualities  of  the  grown 
films  These  results  were  examined  by  XRD,  SEM  and  AES  analysis 

INTRODUCTION 

Various  studies  have  been  performed  to  choose  a  proper  dielectric  layer  for  use 
in  a. u, -thin  film  electroluminescence  (ACTFEL)  displays  [1-3],  Performance  and 
reliability  of  the  EL  device  depend  on  the  quality  of  the  dielectrics  used  The 
dielectric  thin  films  prevents  active  phosphor  layer  from  breakdown,  which  is 
sandwiched  by  the  dielectric  layers  as  shown  in  Fig.l,  Therefore,  the  dielectric 
strength  must  be  as  high  as  possible,  and  high  enough  dielectric  constant  is  needed 
so  that  low  driving  voltage  is  possible  There  are  other  requirements  for  good 
dielectrics  Because  the  metal  electrode  and  conducting  oxide  are  contacted  on 
them,  they  must  be  chemically  and  mechanically  resistant  Although  good  dielectrics 
are  appropriately  chosen,  it  is  difficult  to  operate  the  device  if  defects  such  as 
pinholes  and  cracks,  or  any  improper  interface  reactions  occurring  in  the  processing 
of  thin  film  deposition  Thus,  proper  processing  conditions  are  very  important  as  well 
as  the  selection  of  good  dielectric  materials 

Perovskite  BaTiOj  thin  film  can  be  a  good  candidate  for  dielectric  layers 
compared  with  other  dielectric  layers  such  as  ALOj,  YjOj,  TajOj,  etc  [4]  High 
temperature  processing  must  be  avoided  due  to  an  interface  reaction  between  the 
dielectrics  and  ITO  coated  substrate,  for  example  sodium  diffusion  from  glass 
substrate.  Therefore,  crystalline  BaTiOj  thin  film  with  excellent  dielectric  properties 
cannot  be  used  However,  because  amorphous  barium  titanate  (a-BaTiOj)  has 
relatively  high  dielectric  constant  and  breakdown  voltage,  many  works  on  u-BaTiOj 
as  an  insulating  layer  have  been  reported  [5,6] 
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Many  methods  to  prepare  BaTiOj  thin  films,  such  as  rf  sputtering  [/] 
metalorganic  chemical  vapor  deposition  (MOCVD)  [8],  molecular  beam  epitaxy 
(MBE)  [9]  and  excimer  laser  ablation  [10]  were  reported  The  ALE  is  a  deposition 
method  witti  which  obtaining  abrupt  interfaces  with  monolayer  abruptness  over  a 
large  area  can  be  obtained  [11,12]  The  ALE  system  consists  of  alternatively 
exposing  the  substrate  to  the  one  species  and  the  other  one  with  only  one 
monolayer  of  each  species  remaining  on  the  surface  after  each  exposure  This 
allowed  to  control  composition  by  monolayer  binary  growth  Thickness  of  thin  film 
depends  on  the  number  of  deposition  cycles. 

In  this  work,  we  report  the  deposition  of  BaTiOj  thin  film  on  ITO  coated  soda  lime 
glass  substrate  by  the  ALE  The  ALE  system  used  for  perovskite  structure  is 
introduced  Microstructure,  interface  reaction  and  dielectric  properties  are 
discussed,  and  the  possibility  of  the  insulating  layer  in  ACTFEL  is  investigated 


j  j  Aluminum 

Insulator 

.  ^ Phospnor 

Insulator 
ITO 

Glass  Sub''trate 


Fig.  1  Sandwiched  structure  of  ELD 


EXPERIMENTAL 

A  schematic  diagram  of  the  ALE  system  used  for  this  study  is  shown  in  Fig  2  All 
conditions  for  varying  the  experimental  parameters  were  controlled  by  a  computer 
Metal  organic  sources  of  p-diketonate  coinplex  (  Ba(tmhd)2,  tmhd  =  2, 2,6,6- 
tetramethyl-3,5-heptanedione  :  Ba(C,,H, 902)2 )  and  titanium  tetra-isopropoxide  were 
used.  NjO  gas  was  used  as  an  oxygen  source.  N2  gas  was  used  as  the  carrier  gas 
for  the  metalorganic  sources.  Substrate  was  ITO  coated  soda  lime  glass  Flow  rate 
of  carrier  gas  and  source  gas  was  controlled  by  commercial  mass  flow  controller 
Working  pressure  of  1  to  2  torr  was  maintained  during  film  deposition.  Substrate 
temperature  was  varied  from  400°C  to  500'’C. 
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Fig  2  Schematic  diagram  of  the  ALE  system 


Samples  were  characterized  by  X-ray  diffraction  (XRD)  and  scanning  electron 
microscopy  (SEM)  to  investigate  the  crystalline  nature  and  microstructure, 
respectively.  Auger  electron  spectroscopy  (AES)  was  employed  to  determine  the 
composition  of  the  films.  The  dielectric  properties  and  l-V  characteristics  were 
measured  to  investigate  whether  the  requirements  as  an  insulating  layer  for  TFELD 
are  satisfied. 

RESULTS  AND  DISCUSSION 

Fig.  3  shows  XRD  patterns  of  BaTiOj  thin  films  grown  at  a  deposition  temperature 
of  450°C.  Peaks  of  ITO  thin  layer  represented  poly  crystal  line  nature  without  any 
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preferred  orientation  However,  BaTiCj  thin  films  were  amorphous  at  450  C  Any 
diffraction  pattern  indicating  crystallinity  was  not  observed  even  at  500  C 


(b) 


20  degree 

Fig  3,  XRD  patterns  of  (a)  ITO  coated  glass  substrate  and  (b)  BaTiOj  thin  film 
deposited  at  450“C, 

The  thickness  of  the  as-deposited  film  was  found  to  be  proportional  to  the  total 
number  of  deposition  cycles  and  independent  on  the  working  pressure  and  flow  rate 
of  the  source  vapors.  Also,  the  variations  of  substrate  temperature  from  400' C  to 
500°C  did  not  bring  significant  effects  on  the  film  thickness  and  crystalline  nature 
This  agreed  well  with  general  results  by  the  ALE,  which  has  been  studied  in  ll-VI 
compounds  such  as  ZnS  [13J.  By  the  ALE,  in  general,  film  thickness  are 
independent  of  normal  growth  variables  such  as  substrate  temperature,  reactant 
partial  pressure,  exposure  times,  etc.,  over  some  wide  range  of  the  variables. 

It  is  important  to  have  clean  and  fiat  surface  microstructure  throughout  films  in 
the  EL  application  because  a  rough  surface  causes  diffuse  scattering  of  light  and 
pinholes  in  the  dielectric  layer  leads  to  breakthrough  The  surface  morphology  of  a 
300  nm  thick  BaTiCj  films  is  shown  in  Fig. 4  The  microstructure  shows  flat  and 
smooth  surface  without  any  defects.  Textured  surface  was  observed  in  micrographs 
with  hir:her  magnification. 
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Fig.  4  SEM  photograph  of  a  BaTiOj  thin  film  deposited  at  450°C 

The  ALE-prepared  BaTiOj  film  was  also  investigated  by  AES  Fig  5  shows  the 
spectrum  taken  on  the  surface  of  the  film  deposited  on  ITO  coated  glass  substrate 
held  at  450‘’C  Results  of  the  films  indicated  that  Ba,  Ti  and  O  were  the  primary 
elements  present  and  any  contamination  such  as  carbon  was  not  detectable  Also 
0  interdiffusion  between  BaTiOj  and  ITO  glass  was  observed  as  confirmed  by 
depth  profile  analysis  of  AES 


Kinetic  Energy  (eV) 


Fig.  5.  Auger  electron  spectroscopy  of  BaTiOj  film  grown  by  ALE 
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l-V  characteristics  for  the  (/-BaTiOj  thin  film  was  examined  The  dielectric 
constant  of  the  films  was  19  at  room  temperature.  Films  deposited  at  450''C  had  a 
higher  charge  storage  capacity  (Q^q  =  e'  Vbq)  equal  to  4  2  pC/cm^  than  the  values 
obtained  in  BaTi03  films  grown  by  r  f,  sputtering  [5,6]  This  indicates  that  films  of 
high  quality  can  be  obtained  by  ALE  technique,  resulting  in  an  increase  in  dielectric 
properties 

In  summary,  ALE  grown  a-BaTiOj  thin  films  are  adequate  for  EL  application  due 
to  the  excellent  dielectric  properties  and  low  temperature  processing 


CONCLUSION 

Deposition  of  BaTiOj  thin  film  was  studied  for  the  first  time  using  metalorganic 
sources  for  the  ALE  technique.  It  was  possible  to  prepare  amorphous  BaTiOj  thin 
layer  on  ITO  coated  soda  lime  glass  substrate  at  the  substrate  temperature  of  450° 
C  A  microstructure  with  flat  and  smooth  surface  without  pinholes  or  cracks  was 
observed  The  dielectric  properties  meet  well  the  requirements  for  a  dielectric  layer 
for  TFEL  applications  Further  studies  about  self-limiting  growth  mechanism  and 
interface  reaction  during  the  deposition  of  films  with  perovskite  structure  by  the  ALE 
technique  are  needed. 
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ABSTRACT 

We  report  optical  waveguiding  in  single-crystal,  epitaxial  (101)  oriented  rutile  (Ti02)  thin 
films  grown  on  (1120)  sapphire  (a-Al203)  substrates  using  the  MOCVD  technique.  The 
propagation  constants  for  asymmetric  planar  waveguides  composed  of  an  anisotropic  dielectric 
media  applicable  to  these  films  are  derived.  Modifications  to  the  prism-film  coupling  theory  for  tfiis 
anisotropic  case  are  also  discussed.  By  application  of  this  model  to  (101)  oriented  rutile  thin  films, 
we  directly  obtain  values  of  the  ordinary  and  extraordinary  refractive  indexes,  Hq  and  Pc,  of  the 
rutile  thin  films  as  well  as  film  thicknesses.  We  obtain  typical  values  of  the  refractive  indexes 
(no=2. 5701  ±0.0005;  ne=2.934±0.001)  near  to  those  for  bulk  rutile  single  crystals  indicating  the 
exceptional  quality  of  these  films. 

INTRODUCTION 

The  tremendous  benefits  derived  from  optical  communications  and  the  great  promise  of 
high-speed  optical  computers  has  stimulated  interest  in  the  guidance  of  light  by  dielectric 
waveguides.  Many  aspects  of  light  propagation  in  waveguides  structures,  such  as  optical  fibers 
and  the  thin-film  guides  of  integrated  optics,  have  been  investigated  in  great  detail.  Moreover,  the 
fundamental  propagation  characteristics,  such  as  the  propagation  constants  and  field  distributions  of 
guided  modes,  have  been  comprehensively  reviewed  in  the  literature  1 1 ). 

Due  to  its  high  refractive  index,  rutile  (Ti02)  is  an  ideal  material  for  passive  optical 
waveguides.  The  reduced  defect  size  and  enhanced  dielectric  properties  of  single-crystal,  epitaxial 
thin  films  should  significantly  reduce  optical  loss  due  to  grain-boundary  scattering  in  planar 
waveguides  as  compared  to  structures  produced  from  polycrystalline  material.  Recently,  we  have 
studied  in  detail  the  crystal  structure  of  rutile  thin  films  on  sapphire  (1 120)  by  high  resolution 
electron  microscopy  (HREM)  and  four-circle  x-ray  diffracuon  12-3].  These  studies  have  indicated 
that  epitaxial  (101)  oriented  rutile  thin  films  grown  on  (1 120)  sapphire  substrates  by  the  MCXTVD 
process  possess  a  highly  anisotropic  single-crystal  nature.  Consequently,  an  understanding  of  the 
optical  waveguiding  in  these  films  must  necessarily  take  into  account  the  anisotropy  of  the  rutile 
dielectric  tensor.  For  optical  waveguide  applications,  the  main  parameters  of  interest  which 
characterize  thin  films  are  the  ordinary  and  extraordinary  refractive  indexes,  iio  and  iic,  and  the  film 
thickness.  One  method  that  has  been  particularly  well  adapted  to  this  problem  in  the  case  of 
isotropic  films,  is  the  prism-coupling  technique.  This  technique  was  first  described  by  Tien,  Ulrich, 
and  Martin  [4]  and  more  recently  by  others  15-6].  Waveguide  propagation  in  arbitrarily  oriented, 
anisotropic,  dielectric  media  has  been  treated  to  some  degree  of  generality  17).  The  electromagnetic 
field  distributions  and  propagation  constants  have  been  calculated  in  closed  form  only  in  specific 
cases  19|.  However,  none  of  these  treatments  are  directly  applicable  to  (101)  oriented  rutile  films. 
In  this  paper,  we  report  optical  waveguiding  in  single-crystal,  epitaxial  (101)  oriented  rutile  thin 
films  grown  on  (1 120)  sapphire  substrates  using  the  MC^VD  technique.  By  application  of  these 
results,  we  directly  obtain  values  of  the  ordinary  and  extraordinary  refractive  indexes,  iIq  and  He,  as 
well  as  film  thickness  for  (101 )  oriented  rutile  thin  films. 

THEORY 

We  calculate  the  electromagnetic  field  distributions  and  propagation  constants  for  a 
waveguide  by  solving  Maxwell's  equations  subject  to  the  appropriate  boundary  conditions.  We 
endeavor  to  model  a  system  which  is  simple  enough  so  that  the  refractive  indexes  and  film 
thickness  of  an  anisotropic,  (101)  oriented  orthorhombic  thin  film  can  easily  be  obtained  using 
prism-film  waveguide  coupling.  Therefore,  we  consider  asymmetric  planar  waveguides  composed 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  310.  1993  Materials  Research  Society 


404 


of  anisotropic  dielectric  media,  e.g.  abswptionless,  non-magnetic  medium  with  a  dielectric  matrix 
K  [8J.  For  this  medium.  Maxwell’s  curl  equations  are 

VxE  =  -iioH  and  VxH  =  EqKE  (1),  (2) 

where  E  and  H  are  time  derivadves  of  the  fields.  Combined,  these  equauons  yield 

V(V.E)-(V.V)E  =  -HoCoKEand  Vx[k-‘V  x  h]  = -HoCoH  (.^),  (4) 

where  we  use  the  symbols  Bo  and  |lo  for  the  permitdvity  and  the  permeability  of  free  space. 
Solutions  of  Eq.  (3)  or  (4)  yield  either  the  electric  field,  E,  or  the  magnetic  field,  H,  respectively, 
and  then  either  Eq.  ( 1 )  or  (2)  can  be  used  to  obtain  the  other  field. 


Fig.  1.  (a)  The  coordinate  system  (u,  y,  v)  in  which  the  dielectric  tensor  of  the  rutile  film  is 
diagonal,  and  the  coordinate  system  (x,  y,  i),  which  is  used  to  express  the  spatial  dependence  of 
the  fields,  are  shown,  (b)  The  assumed  dielectric  constant  dependence  on  the  coordinate  x  is 
shown  for  an  asymmetric  ruble  thin  film,  (c)  Schematic  of  a  prism-film  coupler. 

We  consider  crystalline  thin  films  of  at  least  orthorhombic  symmetry  with  a  (101 )  growth 
plane.  As  shown  in  Fig.  la,  the  a  crystallographic  axis  of  the  film  is  rotated  by  an  angle  6  about 
the  6  -axis  with  respect  to  the  vector  normal  to  the  film  surface  which  we  define  as  the  x-axis. 
This  angle  is  determined  by  8=tan~*(o/c),  where  a  and  c  are  the  unit  cell  parameters  of  the 
material  which  we  will  consider  to  be  orthorhombic.  This  anisotropic  medium  has  a  dielectric 
matrix  K,  thickness  2w,  and  is  located  between  two  semi-infinite  isotropic  media  (i.  e.  air  and  a 
substrate).  The  x'  coordinate  system  (u,  y,  v),  in  which  the  dielectric  tensor  of  the  rutile  film  is 
diagonal,  is  rotated  by  an  angle  6  with  respect  to  the  x  coordinate  system  (x,  y,  z),  which  is 
aligned  with  respect  to  the  dielectric  boundaries.  It  is  advantageous  to  resolve  the  gradient  operator 
and  field  vectors  along  the  principal  (u,  y,  v)  axes  while  expressing  the  spatial  dependence  of  the 
fields  in  terms  of  (x,  y,  z)  coordinates.  We  will  denote  components  of  the  diagonal  dielectric  tensor 
Kap  in  the  (u,  y,  v)  coordinate  system  as  Ku=n^,  Ky=nJ,  Kv=nJ,  and  assume  that  the  substrate 
indexes  Kq  and  Ki  are  isotropic. 

We  search  for  a  solution  of  Eq.  3  or  4  of  the  forms  E=e(x)exp(i((i)t-Pz))  and 
H=h(x)exp(i((i)t-Pz))  corresponding  to  waves  traveling  in  the  -tz  direction.  Here  to  is  the 
angular  frequency  of  the  light  and  t  is  the  lime.  As  shown  in  Fig.  1  b,  the  dielectric  tensors  depend 
only  upon  the  variable  x;  therefore,  i  and  h  need  only  be  functions  of  x.  The  lack  of  y  dependence 
and  the  diagonal  nature  of  the  dielectric  tensors  in  the  (u,  y,  v)  coordinate  system  leads  to  the 
decoupling  of  ey(x)  from  the  eu(x)  and  ev(x)  components  of  Eq,  (3).  A  similar  decoupling  occurs 
for  the  hy(x)  component  of  Eq,  (4).  Therefore,  transverse  electric  (TE)  and  transverse  magnetic 
(TM)  modes  exist  in  this  case.  The  explicit  forms  for  the  resulting  plane  wave  differential  equations 
for  the  TE  and  TM  cases  are  given  in  Ref.  (10].  These  differential  equations  have  constant 
coefficients  in  the  different  regions  of  the  waveguide  as  shown  in  Fig.  la  and  can  be  readily  solved. 
For  the  following  analysis,  it  is  convenient  to  define  the  following 

KJ  =  K„Kv/K„ 


(10) 
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Kx  ={KvSin^0  +  KuCOs^8};  Kj  =  |K„sin^e  + K,cos^6}  , 


(11);  (12) 


(13) 

where  K^=ec41o<»^'  By  application  of  the  usual  continuity  condition  on  the  electric  and  magnetic 
fields  at  the  boundaries,  the  spatial  dependence  of  the  flelds  can  be  obtained  and  are  shown  in  Ref. 
1 10].  For  TE  inodes,  the  fields  depend  on  the  real  parameters,  8,  y,  p,  and  b,  which  are  determined 
by  the  following  four  eigenvalue  equations 

p2  =ic2K„+5^  p2  =  icjK,+T2;  p2  =  ic2K,-b2  (14),  (15);  (16) 

Explicit  forms  for  e(x)  and  h(x)  for  the  TE  modes  are  given  in  Ref.  ( 10).  This  results  from 
the  alignment  of  the  transverse  E  field  with  the  principal  axis  of  the  dielectric  tensor  and  from  the 
non-magnetic  nature  of  the  media.  For  the  TM  modes,  the  fields  depend  on  the  real  parameters,  8, 
y,  P,  bi  and  bi,  which  are  determined  by  Eqs.  (14)  and  (15),  and  the  following 

bl  =  PKxJKx ;  b|  =  icJk;  -  P^K'x/Kx}  (18);  (19) 

and 

,20, 

i-(K;r/K,b,)(K;s/K,b,) 


tan(2b2w)  =  - 


Explicit  forms  for  e(x)  and  h(x)  for  the  TW  modes  are  given  in  Ref  1 10).  From  these  results,  if  we 
issume  a  (101)  oriented  tetragonal  film  with  properties  corresponding  to  bulk  rutile  on  (1 120) 
sapphire  substrate  (2w=0.5332  pm,  ii|= 1.0003,  nj  =  1.766,  nni_=2.5839,  nfiim=2.8659  [11] 
tnd  a  laser  wavelength  of  0.6328  pm),  we  find  that  ]hx(x)/hj(x)|<0.01  for  the  TE  modes;  while 
ex(x)/ei(x)|<0.01  for  the  TM  modes.  Therefore,  the  waveguide  modes  in  these  films  are 
essentially  TEM  (transverse  electromagnetic)  in  character.  In  addition.  For  the  TEq  and  TMq 
nodes,  we  find  that  the  peak  intensities  inside  the  film  differ  by  only  -11%;  while  the  field  intensity 
t  the  film-substrate  boundary  is  reduced  from  the  peak  intensity  by  >3.7x103  >4.5x10®  for  the 

eroth  order  TE  and  TM  modes,  respectively. 


Fig.  2.  The  film  thickness  2vi'  vs.  p/iCo  for  the  first  twelve  modes  (the  mode  orders  are  indicated  by 
number)  using  ni=1.000,  no=1.758,  nrj^=2.5839,  nf,ini=2.8659,  0=57.215°  and  a  laser 
wavelength  of  0.6328  pm;  (a)  corresponds  to  TE  modes  and  (b)  corresponds  to  TM  modes. 


406 


As  shown  in  the  description  of  the  prism-film  coupler  by  Tien  and  Ulrich  (51,  efficient 
waveguide  coupling  occurs  when  the  component  parallel  to  the  film  surface  of  the  wave  vector  of 
the  evanescent  fields  in  the  air  gap  (associated  with  the  light  which  is  totally  reflected  from  the 
prism  base)  matches  that  of  one  of  the  characteristic  waveguide  modes  in  the  film.  This  component 
is  P=KQnoSin63.  where  np  is  the  refracdve  index  of  the  prism  and  63  is  the  angle  with  respect  to 
the  normal  of  the  light  incident  upon  the  prism  base  (see  Fig.  Ic).  As  shown  in  Ref  15), 
propagation  will  only  occur  if  the  toul  phase  shift  of  all  waves  which  are  multiply  reflected  between 
the  film-substrate  and  film-air  surfaces  is  equal  to  a  multiple  of  2lt.  This  leads  to  the  expression  for 
the  waveguide  modes  in  the  very  weak  coupling  limit  [S], 

2bw-2^ai-24i2=2mji  (21) 

where  b  is  the  propagation  constant,  m  is  the  mode  order,  and  401  ^>'<1  ♦t2  are  the  half-angle 
reflection  phase  shifts  at  the  film-substrate  and  film-air  interfaces,  respectively.  We  can  generalize 
Eq.(21)  for  the  case  for  (101  )-oriented  crystalline  thin  films.  The  expressions  for  b  in  this  case  are 
given  by  (16)  forTE  m^es  and  Eq.  (19)  forTM  modes.  Funheimore,  for  both  TE  and  TM 
modes,  a  single  equation  for  the  thickness,  w,  can  be  obtained  by  eliminating  5,  y,  and  p  between 
the  appropriate  four  eigenvalue  equations.  From  the  resulting  expressions,  the  appropriate  half¬ 
angle  phase  shifts  for  TE  modes  can  be  extracted  1 10).  Explicit  forms  for  4oi  and  412  for  both  TE 
and  TM  modes  are  given  in  Ref  1I0|.  For  TE  and  TM  modes,  combining  Eq.  (21)  with  the 
appropriate  expressions  for  4oi  and  4i2  yield  single  equations  for  the  film  thickness  as  a  function 
of  the  propagation  constant  p.  In  Fig.  2,  we  plot  for  orders,  m  =  0  to  12,  the  thickness  of  the  film 
required  for  a  TE  mode  (a)  or  a  TM  mode  (b)  to  propagate  with  a  propagation  constant  p/K©  for  a 
tetragonal  film  with  optical  properties  corresponding  to  bulk  rutile  on  (1 120)  sapphire  substrate 
(parameters  given  above). 

RESULTS  AND  DISCUSSION 

Details  of  the  x-ray.  Four-circle  x-ray,  and  prism-film  wave  guide  coupler  have  been 
reported  previously  ( 10|.  To  determine  the  orientation  and  the  degree  of  crystallinity  of  the  films 
quantitatively,  we  performed  x-ray  scattering  measurements,  these  data  are  presented  else  where 
(3).  The  specular  and  off-specular  x-ray  diffraction  spectrum  indicated  that  the  film  consisted  of  a 
single  growth  plane  corresponding  closely  to  the  (101)  plane  of  rutile  single  crystals  |3) 
(20=36.12°).  The  rocking  curve  for  the  growth  plane  (0-scan)  indicated  an  intensity  full  width  at 
half  maximum  (FWHM)  of  0.30°.  The  azimuthal  4-scan  data  detected  no  in-plane  misorientation  of 
the  film  with  respect  to  the  substrate,  and  showed  a  FWHM  of  0.83°  indicating  the  very  high  degree 
of  in-plane  epitaxy  for  this  film.  A  least  squares  refinement  of  the  4-circle  x-ray  diffraction  results 
for  13  off-specular  reflections  was  used  to  determined  the  lattice  parameters  for  the  film  of 
a=4.59A,  b=4.54A,  and  c=  2,96A,  with  0=89.8°,  P=88.9°,  and  Y=89.9°  as  compared  to  bulk 
tetragonal  Ti02  with  a=b=4.5937A,  c=2.9587A,  and  a=P=Y=90.0°.  Thus,  according  to  the  x-ray 
measurements,  the  film  has  a  highly-crystalline,  distorted  rutile  structure,  particularly  with  respect 
to  the  b-axis. 

As  discussed  in  Ref.  13),  the  film-substrate  interface  along  Ti02  iTol  1  direction  is  sharp  at 
the  atomic  level  and  structurally  coherent,  due  to  the  small  lattice  mismatch  (-0.5%)  along  this 
direction;  whereas,  the  film-substrate  interface  along  the  TiO?  1010)  direction  is  also  atomically 
sharp,  but  is  structurally  semi -coherent,  with  a  periodic  array  of  misfit  dislocations  at  the  interface. 
These  misfit  dislocations  are  attributed  to  the  compressive  strain  resulting  from  the  -5.9%  lattice 
mismatch  aion,.  the  Ti02  (010)  direction.  It  is  reasonable  to  associate  the  distorted  h-axis  lattice 
constant  of  th'.  fum  observed  by  x-ray  with  the  semi-coherent  nature  of  the  interface  along  this 
direction  observed  by  HREM,  However,  to  the  resolution  level  of  the  HREM  studies  (~0.2A),  the 
majority  of  the  strain  associated  with  the  dislocations  was  localized  to  within  only  a  few  lattice 
constants  from  the  interface  it  -ontrast  to  the  bulk  distortion  observed  by  x-ray.  For  the  purpose 
of  the  waveguide  analysis,  neccs.'^ary  rotation  angle  for  the  dielectric  tensor  determined  from  the  a 
and  c  lattice  parameters  yields  a  value  of  0=57.16°,  which  compares  with  0=57.215°  for  single 
crystal  rutile. 

In  order  to  characterize  the  waveguide  properties  of  our  epitaxial  (101)  oriented  rutile  thin 
films  grown  on  sapphire  (1 120),  we  perform^  prism-film  coupling  experiments.  In  Fig.  3,  we 
show  the  reflected  intensity  of  0.6328  pm  HeNe  laser  light  from  the  base  of  45°  and  60°  rutile 
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prisms  as  a  function  of  effective  propagation  constant.  P=KonpSine3  (the  data  from  the  two 
different  prisms  was  combined).  Three  TE  and  one  7M  modes  are  clearly  observed.  In  addition, 
two  features  with  distorted  line  shapes  were  observed  very  near  the  substrate  cutoff  which  seem  to 
correspond  to  a  possible  fourth  TE  and  second  TM  mode.  The  observed  P/Ko  values  for  these 
features  are  given  in  Table  1. 


Polarization 

m 

P/Ko 

Observed 

Diff 

0 

-0.0001 

TE 

1 

2.3682 

2.3682 

-lO.OOOO 

2 

2.1011 

2.1009 

-MD.0002 

3 

<1.75 

.... 

0 

* 

2.6362 

TM 

1 

* 

2.4635 

2 

2.1787 

-0.0131 

3 

<1.7771 

1.7815 

>0.0044 

Table  1.  Waveguide  Results 

♦These  modes  were  predicted  to  be  outside  the  available  P/Kq  range  of  either  a  45°  or  60°  rutile 
prism  and  were  not  observed. 


Fig.  3.  Results  of  prism  coupling  experiments  on  epitaxial  rutile  (101)  films  on  sapphire  (1120). 
Three  TE  modes  are  shown  in  (a)  and  one  TM  mode  is  shown  in  (b).  The  modes  designated  TE3 
and  TM3  are  very  close  to  the  substrate  cut-off  and  were  not  used  in  subsequent  analysis. 

As  shown  in  Ref.  ( 10],  a  single  equation  can  be  obtained  (for  either  TE  or  TM  modes)  for 
the  film  thickness  as  a  function  of  the  propagation  constant  P.  with  the  refractive  indexes  of  the 
substrate,  nq,  the  air  gap,  nj,  and  the  dielectric  properties  of  the  film,  Ku,  Ky  and  Kv,  the  film 
thickness  2w,  and  the  rotation  angle  6  as  parameters.  The  equation  for  the  TE  modes  is 
independent  of  Ku,  Ky  and  9;  therefore,  the  values  of  Ky  and  2w  may  be  determined 
independently.  Since  none  of  the  films  measured  were  of  such  a  thickness  to  allow  more  than  one 
TM  mode  to  be  clearly  observed,  Ky  and  Ky  could  not  be  determine  separately.  Due  to  a  distorted 
line  shape,  the  TM3  mode  observed  in  Fig.  3b  was  not  considered  in  the  analysis  where  Ku=Ky 
was  assumed.  By  fitting  the  P/k„  values  observed  in  Fig.  3,  the  best  assignment  of  mode  orders 
were  obtained  along  with  the  following  properties  for  the  film:  nni„=2.5701±0.(XX)5; 
"rilin=2-934±0.(K)15  at  2,=0.6328  pm  and  a  film  thickness  of  2w=0.5332±0.(X)l5  pm.  These 
values  of  the  film  refractive  indexes  are  typical  of  all  films  measured. 
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The  measured  refractive  indexes  of  the  films  are  near  to  the  properties  of  bulk  TiOj  single 
crystals,  indicating  the  high  quality  of  these  films.  However,  two  structure  features  of  the  films 
should  result  in  deviations  of  the  dielectric  properties  of  the  films  relative  to  bulk.  First,  from  the  x- 
ray  data,  the  films  have  a  slightly  mosaic  structure  both  parallel  and  perpendicular  to  the  growth 
plane  (-0.3°  and  -0.8°,  respectively)  which  should  result  in  an  small  averaging  of  the  anisotropic 
dielectric  properties  of  the  films.  Secondly,  the  x-ray  refinement  indicated  a  substantial  contraction 
of  the  film  b  -axis  lattice  constant  and  a  small  extension  of  the  film  c-axis  latdce  constant  relative  to 
that  of  bulk  rutile.  Such  a  distorted  crystal  structure  should  be  optically  biaxial.  To  investigate  this, 
the  measured  film  parameters  were  used  to  determine  theoretical  values  for  P/iCg  (assuming 
Ku=Ky  )  for  the  TE  and  TM  modes  following  the  analysis  given  above  (10].  For  the  TE  modes, 
the  pre^cted  P/Kq  values  for  the  assigned  mode  orders  compared  well  with  the  measured  results. 
For  the  TM  m^es,  the  predicted  P/Ko  values  for  the  TMq  and  TMi  modes  were  outside  of  the 
measurable  range  for  our  rutile  prisms.  An  accurate  measurement  of  the  deviation  of  the  TMj  mode 
P/iC(,  value  from  theory  could  not  be  obtained  due  to  a  distorted  line  shape.  The  theoretical  TM2 
mode  P/Ko  value,  showed  a  larger  deviation  from  experimental  results  than  was  observed  for  any 
of  the  TTE  modes.  It  is  reasonable  to  conclude  that  the  deviation  of  the  TM2  mode  angle  could  be 
attributed  to  stipn  induced  biaxial  characteristics  associated  with  the  observed  structural  distortion 
along  the  film  b  -axis.  This  is  currently  being  investigated. 

In  conclusion,  we  report  optical  waveguiding  experiments  using  a  prism-film  coupler  on 
Ti02  (rutile)  thin  films  deposited  using  the  MOCVD  technique.  The  propagation  constants  for 
asymmetric  planar  waveguides  composed  of  an  anisotropic  dielectric  medium  applicable  to  (101) 
oriented  rutile  thin  films  grown  on  (1120)  sapphire  substrates  are  derived.  By  application  of  this 
model  to  (101)  oriented  rutile  thin  films,  we  directly  obtain  values  of  the  ordinary  and  extraordinary 
refractive  indexes,  no  and  ne,  as  well  as  film  thickness.  We  obtain  values  of  the  refractive  indexes 
(no=2.5701±0.0015;  ne=2.934±0.001)  near  to  that  for  bulk  TiC)2  single  crystals  indicating  the 
exceptional  quality  of  these  films.  The  authors  would  like  to  thank  Anthony  Marturano  for  his 
assistance  in  the  calculation.  This  work  has  been  supported  by  the  U.S.  Department  of  Energy, 
Basic  Energy  Sciences-Materials  Sciences  under  Contract  #W-3I  -  109-ENG-38. 
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ABSTRACT 

The  defect  structure  of  BaTiOj  thin  films  grown  on  (100)  Si  was  examined  using  transient 
photocapacitance  spectroscopy.  The  concentration,  optical  cross  section  and  associated  energy 
levels  of  both  native  and  impurity  defects  in  as-grown  and  annealed  BaTiOj  films  were 
evaluated.  Deep  level  defects  with  peak  energies  of  E,-H.  8,  E,+ 2.4,  E, -1-2. 7,  E,-l-3.0-3.1  and 
E, -1-3. 2-3. 3  eV  were  observed  in  the  as-grown  films.  Upon  vacuum  annealing,  the  concentration 
of  the  traps  at  E, -1-3.0  and  E, -1-3.2  eV  increased  while  the  concentration  of  the  traps  at  E, -1-1.8 
and  E, -1-2.4  eV  decreased.  The  levels  at  E,-l-3.0-3.1  and  E, -1-3. 2-3. 3  eV  are  attributed  to 
oxygen  vacancies.  Die  other  levels  are  tentatively  ascribed  to  Fe  and  Fe  related  defects. 

INTRODUCTION 

Considerable  interest  in  BaTiO,  ferroelectric  thin  films  has  emerged  due  to  its  dielectric 
and  non-linear  optical  properties  [1).  These  properties  are  jtrongly  influenced  by  point  and 
extended  defect  structures.  While  the  point  defect  strucb  re  of  BaTiOs  ceramics  has  been 
extensively  studied  [2-4],  much  less  is  known  about  the  defe  ;t  structure  of  thin  films.  Recently, 
both  textured  and  qiitaxial  BaTiOs  thin  films  were  prepa  ed  by  metalorganic  chemical  vapor 
deposition  (MOCVD)  at  temperatures  of  800°C  [5,6].  Th  ,  extended  defect  structure  of  the  films 
deposited  on  LaAlO]  was  evaluated  using  high  resolution  ransmission  electron  microscopy  [7,8]. 
However,  determining  the  point  defects  is  much  more  difficult  due  to  their  low  concentration 
in  thin  films.  In  this  paper,  the  point  dcfea  structure  of  BaTiOj  thin  films  is  determined  using 
transient  photocapacitance  spectroscopy.  The  associa  ed  energy  level,  concentration,  and  optical 
capture  cross  section  of  the  defects  present  in  the  BaTiO,  thin  films  are  repotted.  Initial 
measurements  indicate  the  presence  of  oxygen  vacancies  in  as-grown  and  annealed  films. 

EXPERIMENTAL 

Sample  Preparation 

BaTiOj  thin  films  were  grown  by  low  pressure  metalorganic  chemical  vapor  deposition 
(MOCVD)  at  8()0°C.  Barium  hexafluoroacetylacetonate  tetraglyme  (Ba(hfa)2(tetraglyme))  and 
titanium  tetraisopropoxide  (99.999%)  were  chosen  as  the  metalorganic  precursors.  Two  grades 
of  Baflifaljltetraglyme)  (low  purity  (99-1%)  and  high  purity  (99.999%))  were  used  for  growth 
to  examine  their  effect  on  the  resulting  electrical  properties  of  the  thin  films.  The  substrates 
consisted  of  thermally  oxidized  p-type  Si  (p  =  1-2  fl-cm),  where  the  SiO,  layer  was  1C)0-300A. 
The  growth  conditions  ate  described  in  detail,  elsewhere  [5,6].  X-ray  diffraction  showed  that 
the  BaTiOj  thin  films  grown  on  SiOj/Si  were  polycrsytalline  with  a  random  orientation. 

Metal-insulator-semiconductor  (MIS)  BaTiOj/SiOj/Si  diodes  were  fabricated  for  transient 
photocapacitance  measurements.  Semi-transparent  Au  electrodes  (lOOA)  with  an  area  of  0. 1 18 
cm*  were  evaporated  onto  the  BaTiOj  surface.  To  insure  the  integrity  of  the  electrical  contact, 
a  thicker  (350-5()0A)  Au  dot  (1.88x10  *  cm*)  was  evaporated  on  top  of  the  transparent  electrode. 
Evaporated  aluminum  formed  an  ohmic  contact  to  the  backside  of  the  Si  substrate.  For  vacuum 
annealing,  the  metal  contacts  were  removed  and  the  samples  were  heated  to  950°C  at  10'*  Torr 
for  time  intervals  ranging  from  4-20  hours. 
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The  resistivity  of  the  BaTiOj  films  was  calculated  using  the  linear  region  of  the  currenl- 
voltage  curves  from  the  MIS  diode.  The  as-deposited  films  had  resistivities  ranging  from  10*- 
10’  0-cm.  However,  the  highly  textured  BaTiO,  films  grown  on  LaAlO,  with  a  low  purity  and 
high  purity  Ba  precursor  were  semi-insulating  (p  =  200-1000  0-cm)  [8]  and  insulating  (p  =  10“- 
10’  0-cm),  respectively  [9], 

Transient  Capacitance  Spectroscopy  Measurements 

Transient  photocapacilance  spectroscopy  of  the  MIS  structures  was  measured  using  a 
technique  initially  described  by  Chantre  et  al.  for  the  study  of  semiconductors  [10).  Recently, 
this  technique  has  been  extended  to  evaluate  MIS  structures  [11,12].  For  this  measurement, 
chopped  light  from  a  250W  Oriel  quartz-halogen  lamp  dispersed  through  a  Zeiss  monochromator 
was  focussed  onto  the  diode  cooled  to  80K.  Photocapacitance  was  measured  with  a  capacitance 
meter  at  IMHz.  Spectra  were  recorded  while  negatively  biasing  the  MIS  diodes  in  the 
accumulation  region  with  a  field  of  10*  V/cm.  The  transient  photocapacitance  was  measured  for 
time  intervals  of  10-100  msec.  Following  illumination,  the  sample  was  equilibrated  in  the  dark 
for  5  to  7  sec.  The  time  derivative  of  the  photocapacitance  was  plotted  as  a  function  of  photon 
energy. 

Upon  illumination  of  an  MIS  diode,  a  photocapacitance  signal  can  arise  from  emptying 
or  filling  of  traps  in  (1)  the  semiconductor,  (2)  the  semiconductor-insulator  interface,  (3)  the 
SiOj/BaTiOj  interface,  (4)  the  insulator,  or  (5)  the  BaTiOj/metal  interface.  However,  the 
contributions  from  different  traps  can  be  spectrally  and  temporally  resolved.  The  time  derivative 
of  the  photocapacitance  is  a  direct  measure  of  the  trap  concentration.  Provided  the  charge  is 
only  trapped  at  defects  uniformly  distributed  throughout  the  insulator  and  retrapping  Is 
negligible,  the  time  derivative  of  the  photocapacitance  is  given  by  [11]: 


dC/dt|,=o=  d(Q/V)/dt|,=o  =  (qA<VV)  dn,/dt|,=o  (D 

where  Q  is  the  total  trapped  charge,  q  is  unit  charge  per  electron,  A  is  the  diode  area,  d,  is  the 
insulator  thickness  and  V  is  the  effective  bias.  Since  short  illumination  times  are  used,  only  a 
fraction  of  the  traps  in  the  insulator  layer  are  populated.  The  total  concentration  of  traps,  N„ 
is  related  to  the  concentration  of  trapped  electrons,  n,,  by  the  expression  [10,12]: 


dn,/dt|,=o  =  (ThN,  (2) 

where  a  is  the  optical  cross  section  of  the  trap  and  is  the  intensity  of  the  light.  Combining 
Eq.  1  and  2,  the  total  trap  concentration  is  given  by 

N,  =  (l/a4>)  (V/qdiA)  dC/dt|,=0  (3) 

The  optical  cross  section  is  obtained  by  measuring  the  capture  rate  of  an  electron,  c„,  by  the 
trap,  given  by 

c„  =  a,*  (4) 


The  capture  rate  of  an  electron  is  determined  from  the  fit  of  a  semi-log  plot  of  the 
photocapacitance  as  a  function  of  time  [13].  Substituting  the  intensity  of  light  and  measured 
capture  rate,  c„,  into  Eq.  4,  the  optical  cross  section  of  the  trap  is  obtained. 


RESULTS  AND  DISCUSSION 


\s-Deposited  BaTiO,  Film*; 

The  photocapacitance  response  of  a  typical 
BaTiOs/SiOj/Si  MIS  diode  is  plotted  as  a  function 
of  the  illumination  time  in  Figure  1 .  For  a  photon 
energy  of  2.7  eV  (Fig.  1  curve  a),  the  photo¬ 
capacitance  increases  rapidly  up  to  10  msec  and 
then  begins  to  saturate.  For  an  excitation  energy 
of  3.17  eV,  the  photocapacitance  increases  at  a 
slower  rate  (Fig.  1  curve  b). 

The  time  derivative  of  the  photocapacitance 
signal  is  shown  as  a  function  of  energy  for  the 
above  sample  deposited  with  a  high  purity  Ba 
source  (Fig.  2a).  Transient  photocapacitance 
peaks  were  present  at  E,-l-1.2,  E, -1-1.4,  and 
E,-l-3.1  eV.  A  shoulder  was  also  observed  in  the 
spectrum  at  E,  -f-  3.2  eV  (Fig.  2a).  For 
comparison,  the  transient  photocapacitance 
spectrum  of  a  typical  BaTiOj  film  grown  with  a 
low  purity  precursor  obtained  for  a  20-40  msec 
time  interval  is  shown  in  Fig.  2b.  In  addition  to 
the  peaks  at  E,-f  1.2,  Ev-l-1.4,  and  E,-1-3.I  eV,  a 
broad  transition  with  a  peak  at  E,-t- 1.8  eV  and  a 
shoulder  at  E,-!-  2.4  eV  is  observed  in  the  lower 
purity  film. 

To  determine  the  origin  of  the  transitions 
observed  in  the  BaTiOj  MIS  diodes,  the  transient 
photocapacitance  of  a  control  sample,  SiOj/Si  MIS 
diode  was  examined.  The  transient  photo¬ 
capacitance  spectrum  of  a  SiOj/Si  control  sample 
measured  using  a  20-40  msec  time  interval  has 
peaks  at  1.2-1. 3,  1.4  and  2.4  eV  (Fig.  3).  The 
1.25  eV  peak  with  a  threshold  energy  of  l.leV 
arises  from  the  photoexcitation  of  intrinsic  carriers 
in  Si.  The  possible  identity  of  the  levels  at  1.4 
and  2.4  eV  are  only  suggested  here  by  comparing 
to  other  work.  The  level  at  1.4  eV  was 
previously  observed  as  a  shoulder  in  transient 


Time  (msec) 


Fig.  1 .  The  time  dependent 
photocapacitance  response  of  a  typical 
EaTiOj  MIS  diode  at  two  excitation 
energies. 


Energy  (eV) 

Fig.  2.  Transient  photocapacitancc 
obtained  at  a  20-40  msec  time  interval 
for  a  BaTiOj  film  grown  with  a)  a  high 
and  b)  a  low  purity  precursor. 


photocapacitance  spectroscopy  of  MIS  structures  with  thermally  grown  SiOj  on  Si  and 
attributed  to  a  defect  in  the  SiOj  layer  [12].  Additionally,  the  peak  at  2.4  sV  was  previously 
observed  with  photo-depopulation/injection  measurements  on  similar  structures  and  was 


attributed  to  Na  in  the  SiOj  [14].  The  Na  in  the  SiOj  layer  is  presumably  a  contaminant  in  the 
deionized  water  used  during  oxidation.  The  peaks  at  1 .2  and  1 .4  eV  have  the  same  energy 
and  shape  in  both  the  BaTiOj/SiOj/Si  (Fig.  2)  and  SiOj/Si  ^Fig.  3)  spectra.  This  indicates  that 
these  peaks  are  of  common  origin  and  involve  tnmsitions  in  the  SiOj/Si.  However,  the  broad 
transition  in  Fig.  2(b)  with  a  shoulder  at  2.4  eV  is  not  attributed  to  defects  in  the  SiOj/Si  layer. 
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From  the  comparison  of  the  BaTiOj  and 
SiOj/Si  MIS  diode  spectra,  the  transient 
photocapacitaiice  peaks  at  E^  +  1.85,  R,+2.‘\, 
E,  +  3. 0-3.1  and  E,-i-3.2-3.3eV  are  attributed  to 
transitions  in  the  BaTiOj  film.  The  optical 
capture  cross  section  of  these  defects  is  related  to 
the  time  dependence  of  the  photocapacitance  (Eq. 
4).  The  measured  optical  cross  section,  o,  for  the 
defects  with  energy  less  than  2.9  eV  is  10  '*  cm’; 
whereas,  10 cm’  is  obtained  for  traps  at  higher 
energies.  Upon  substitution  of  the  appropriate 
values  for  a  into  Eq.  3,  a  trap  concentration  of 
10'’-10'*  cm  ’  was  estimated  for  the  various  defect 
levels.  The  measured  levels,  their  conceiaration 
and  optical  capture  cross  section  for  several 
BaTiOs  films  are  listed  in  Table  I. 


Fig.  3.  Transient  photocapacitance 
spectrum  at  a  20-40  msec  time  interval 
for  a  SiOj/Si  MIS  diode. 


Table  I.  The  associated  energy  level,  light  intensity,  optical  cross  section  and 
concentration  of  the  defects  in  several  as-grown  BaTiOj  films  meaiured  with  transient 
photocapacitance.  Peak  energies  are  referenced  from  the  valence  band.  Samples  297,  298, 
and  302  were  prepared  using  a  high  purity  Ba  precursor. 


Energy 

(eV) 

4> 

(cm’. sec') 

a 

(cm^) 

256 

Trap  Concentration  (cm  ’) 
279  297 

298 

302 

1.7-1. 9 

1.6x10'^ 

10“ 

10'’ 

3x10'’ 

- 

-- 

.. 

2.4 

7x10“ 

10“ 

2x10'’ 

1x10“ 

- 

-- 

- 

2. 7-2. 8 

8x10” 

5x10“ 

6x10'’ 

- 

- 

-- 

3.0-3. 1 

4x10” 

10'’ 

7x10'’ 

8x10'’ 

10“ 

10“ 

3x10” 

3.2-3.3 

2x10” 

10'’ 

3x10'’ 

9x10'’ 

7x10'’ 

in'’ 

8x10” 

Since  the  defect  levels  at  E,-f3.0-3.1  and 
E, -I- 3. 2-3. 3  eV  were  observed  in  both  low  and 
high  purity  films,  they  are  likely  to  be  related  to 
native  defects  (Table  1).  On  the  other  hand,  the 
defect  levels  at  E,-l- 1 .8  and  2.4  eV  are  tentatively 
attributed  to  the  residual  impurities  since  they  are 
only  seen  in  the  lower  purity  films  (Table  I). 

Vacuum  Reduction  Experiments 

To  identify  the  traps  with  levels  at  E, -1-3.0- 
3.1  and  E, -1-3. 2-3. 3  eV  in  BaTiOj,  the  samples 
were  reduced  in  a  vacuum  (POj  ~  10  ’  Torr)  at 
950°C  and  the  transient  pholocapacitance  was 
subsequently  measured  (Fig.  4).  The  peak 
intensity  of  the  levels  at  E,-f3.0-3.l  eV  and 
Ev-h3.2-3.3  eV  increased  following  vacuum 
reduction,  which  suggests  that  these  defects  are 
related  to  oxygen  vacancies.  This  observation  is 


Fig.  4.  Transient  photocapacitance  at  a 
20-40  msec  time  interval  for  an  a)  as- 
grown  and  b)  12  hour  vacuum  reduced 
film. 
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consistent  with  previous  optical  absorption 
measurements  of  vacuum  reduced  single  crystal 
BaTiOj,  where  the  absorption  peak  at  E.+  3.0eV 
was  attributed  to  oxygen  vacancies  [15], 

Furthermore,  theory  predicts  that  the  energy 
levels  associated  with  oxygen  vacancies  in  BaTiO, 
will  lie  near  the  conduction  band  |I6,I71  of 
BaTiO,,  3.5  eV  [18,19]. 

Further  analysis  of  the  vacuum  annealed 
sample.s  derived  from  the  99+%  pure  Ba 
precursor  showed  that  the  measured 
photocapacitance  peak  intensity  of  the  levels  at 
E,+ 1 .8  and  E,  +  2.4eV  decreased  (Fig.  5aj,  while 
a  new  peak  at  E,+2.65eV  (Fig.  5b)  developed. 

In  contrast,  vacuum  reduction  of  films  derived 
from  the  high  purity  precursor  did  not  show  these 
transitions  that  Lie  deeper  within  the  bandgap. 

Therefore,  these  trapping  levels  are  bebeved  to  be 
impurity  related.  Since  Fe  is  one  of  the  most 
abundant  impunties  in  undoped  bulk  BaTiO,  [20], 
these  defects  most  likely  involve  iron.  This  is 
consistent  with  photoconductivity  measurements 
which  identified  an  Fe  related  trap  at  E,+2.6  cV 
in  FetBaTiO,  [21].  In  addition,  electron 
paramagnetic  resonance  and  optical  absorption 
measurements  of  single  crystal  Fe:BaTiO,  showed 
that  Fe‘*  yielded  an  absorption  peak  at  2,69  eV,  which  correlates  well  with  the  peak  at 
Ev+2.65eV  in  the  BaTiO,  films  [22].  Other  optical  absorption  studies  have  shown  Fe  related 
defects  with  peaks  at  E,+2.34  and  E,+2.48  eV  [23].  We  propose  that  the  changes  in  the  peak 
intensities  for  the  mid-gap  levels,  afte.  vacuum  reduction  may  result  from  the  reduction  of  Fe’* 
toFe*'*,  Therefore,  the  levels  in  the  as-deposited  films  at  E,  + 1.85  eV  andE,+2.4eV  maybe 
Fe  related. 

CONCLUSIONS 

In  summary,  transient  photocapacitance  spectroscopy  has  been  used  to  determine  the 
energy  levels,  optical  cross  section,  and  concen'fation  of  deep  level  defects  in  BaTiO,  thin 
films.  The  defect  levels  at  E,  +  3.0-3.1eV  ard  E,  (  3.2-3. 3eV  in  the  BaTiO,  films  arc  attributed 
to  native  oxygen  vacancies  with  a  concentration  of  (-  10'*  cm  ’)  and  a  =  10  ”  cm’.  In  addition, 
the  transient  photocapacitance  of  BaTiO,  films  indicated  the  presence  of  residual  impurity 
related  defects,  tentatively  ascribed  to  Fe  impurities.  These  traps  had  energies  of  £,+ 1 .8eV, 
E,+2.4eV  and  E,  +  2.7-2.8cV  with  <r  =  10  “  cm’.  A  detailed  model  for  the  defect  structure  of 
BaTiO,  thin  films  based  on  resistivity  and  transient  capacitance  will  follow  in  future  pajKrs. 
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ABSTRACT 

Ferroelectric  (FE)  films,  especially  PZT  films,  have  received  increasing  attention 
for  microelectronic  applications  such  as  ferroelectric  memory  and  high  density  DRAM. 
TTiere  has  been  significant  progress  in  the  preparation  of  high  quality  PZT  films 
involving  s  -'t  chemical  and  physical  vapor  deposition  techniques.  Metal-FE-metal 
structures,  typified  by  Pt-PZT-Pt  capacitors,  are  the  basic  building  blocks  for  the 
ferroelectric  devices.  The  leakage  currents  of  the  capacitors  are  known  to  be  non-ohmic 
and  exhibit  an  exponential  dependence  on  applied  voltage. 

The  present  paper  presents  a  model  based  on  totally  depleted  back-to-back 
Shottky  barriers.  Predictions  based  on  the  model  can  provide  significant  new 
understanding  of  the  FE  behavior  of  thin  films.  For  example,  the  assumption  of  total 
depletion  leads  to  the  presence  of  a  built-in  field  within  the  film  which  can  explain  the 
ubiquitously  higher  values  of  coercive  field  in  FE  films  than  found  in  bulk  ceramics.  It 
will  be  jhown  that  the  agreement  between  model  predictions  and  actual  device  I-V 
characteristics  of  Pt-PZT-Pt  capacitors  is  very  clo.se.  Further,  the  model  can  also  explain 
the  observed  hysteresis  loop  asymmutry  and  low  dielectric  constants  of  films  of  relaxor 
FE’s,  whose  dielectric  constants  are  much  smaller  than  those  of  bulk  materials. 


1.  INTRODUCTION 

Ferroelectric  (FE)  films,  especially  lead  zirconate  titanate  (PZT)  films,  have 
received  increasing  attention  for  microelectronic  applications,  namely  in  the  areas  of 
non-volatile  ferroelectric  memory  and  high  dielectric  constant  materials  in  high  density 
DRAM.  PZT  is  a  widely  explored  FE  material  utilized  for  its  FE,  dielectric,  electro¬ 
optic,  acou.sto-optic,  pyroelectric  and  piezoelectric  properties  in  both  bulk  and  thin  film 
forms  [1].  There  has  been  significant  progress  in  the  preparation  of  high  quality  PZT 
films  involving  wet  chemical  methods  [e.g.,  2)  and  physical  vapor  deposition  techniques 
such  as  sputtering  [e.g.,  3],  laser  ablation  [e.g.,  4)  and  MOCVD  [e.g.,  5).  For  comparison 
with  the  predictions  of  the  model  presented  in  this  paper,  actual  device  characteristics, 
namely  the  I-V  leakage  currents,  were  obtained  on  sol-gel  derived  PZT  53/47  films 
prepared  in  our  laboratories.  The  details  of  film  preparation  and  leakage 
characterization  have  been  published  elsewhere  [e.g.,  6]. 


II.  MODEL  OF  THE  PT-PZT-PI  CAPACITOR 

Metal-FE-metal  structures,  typified  by  Pt-PZT-Pt  capacitors,  are  the  basic  building 
blocks  for  active  and  passive  FE  devices.  It  is  recognized  that  the  capacitors  are  not 
simple  metal-insulator-metal  devices  with  ohmic  contacts,  but  rather  back-to-back 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  310.  1993  Materials  Research  Society 


416 


Schotlky  barriers.  These  Schottky  barriers  are  ihemseives  fairly  complicated  due  to  the 
presence  of  surface  states  at  the  interfaces,  the  polycrystallinity  of  the  PZT  films  which 
can  significantly  affect  surface  states  at  the  Pt-PZT  interfaces,  and  domain  structures 
which  affect  the  states  of  polarization  in  the  PZT  films.  Additionally,  the  depletion 
width  may  be  comparable  to  or  even  larger  than  the  film  thickness  resulting  in  wholly 
depleted  films  between  the  electrodes. 

Previous  modeling  of  PZT  capacitors  was  based  on  the  assumption  of  partially 
depleted  PZT  films,  i.e.,  depletion  widths  smaller  than  the  film  thickness,  resulting  in 
back-to-back  Schottky  barriers  [7J.  Adsorbed  oxygen  at  the  surfaces  of  titanate  ceramics 
has  often  been  suggested  to  give  rise  to  trapping  surface  states  [8].  The  presence  of  such 
surface  states  and  polarization  states  at  the  interfaces  can  lead  to  band  bending,  which 
in  turn  affects  the  type  of  contact  formed,  viz.,  ohmic  or  rectifying.  Rectifying  contacts 
result  in  uneven  field  and  potential  distributions  in  the  PZT  films,  which  affect  the  final 
device  characteristics. 

The  work  function  of  Pt  metal,  <^p,  is  5.5  eV.  The  typical  band  gap,  E  ,  and 
electron  affinity,  for  a  PZT  film  are  about  3.5  eV  and  1.75  eV  respectively.  For 
a  p-type  PZT  film  (the  conductivity  in  PZT  ceramics  [I]  has  been  determined  to  be  p- 
type),  the  Fermi  level,  Ef,  lies  closer  to  the  valence  band,  than  to  the  conduction 
band,  E^.  Since  the  work  function  of  Pt  is  higher  than  that  of  PZT,  the  contact  should 
be  ohmic.  I-V  leakage  characteristics  of  these  capacitors  indicate,  however,  that  the 
contact  is  not  ohmic  (or  linear);  rather,  the  current  depends  logarithmatically  on  the 
applied  voltage.  The  only  case  where  the  contacts  can  be  rectifying  is  in  the  presence 
of  surface  states  (arising,  e.g.,  from  absorbed  oxygen  at  the  PZT  surface  and/or 
termination  of  the  PZT  crystalline  lattice  at  the  metal  contacts).  These  surface  .states 
with  a  density  of  Dg  and  a  neutral  energy  level  at  Eg  result  in  band  bending  near  the 
contacts  and  barrier  heights  of  tfij,  at  the  interfaces.  It  is  further  assumed  that  the.se 
barrier  heights  are  similar  at  both  interfaces,  i.e.,  the  capacitor  should  behave  electrically 
symmetrically  independent  of  the  polarity  of  the  applied  voltage. 


Equilibrium 

At  equilibrium  (no  applied  bias),  it  is  a.s.sumed  that  the  width  of  the  depletion 
region,  w,  is  larger  than  the  thicknes.s,  t,  of  the  PZT  film,  i.e.,  the  film  is  totally  depleted. 
Poisson’s  equation  may  be  used  to  calculate  the  field  and  potential  distribution  in  the 
totally  depleted  film,  i.e., 

^  ,  p  ix) 

dx^  dx  ' 


where  0  =  potential 

E  =  electric  field 

p  =  charge  density 

CpZT  =  dielectric  constant  of  PZT 

The  solutions  to  Poisson’s  equation  are  shown  in  Fig.  1.  Note  that  t  and  the  acceptor 
concentration,  N^,  are  constant  throughout  the  film.  By  applying  Gauss  Law  at  the  Pt- 
PZT  interface,  the  maximum  field  Eg  is; 
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2epjj. 


(2) 


The  built-in  potential,  at  the  center  of  the  film  is  obtained  by  the  negative  of  the  area 
under  the  field; 


(3) 


The  density  of  electrons,  n^,  at  the  center  of  the  film  (with  the  highest  barrier 
height  of  dij,  +  </)j)  is: 


N,.e- 


kT 


(4) 


where  is  the  effective  density  of  states  at  the  conduction  band.  The  currents  are 
proportional  to  the  electron  density;  and  at  equilibrium  with  no  external  bias. 


Jx  =  Jx. 


KN,.e 


kT 


(5) 


where  J|  and  J[|  are  the  thermally  induced  current  densities  at  Interfaces  1  and  11 
respectively;  and  K  is  a  proportionality  constant.  Since  J|  =  J||,  there  is  no  net  current 
flow,  as  expected. 


There  exists  a  built-in  field  within  the  film  (see  Fig.  1)  whose  magnitude  depends 
on  the  distance  inside  the  film.  The  field  is  zero  at  the  center  of  the  film  and  is  of 
different  signs  at  the  contacts.  The  maximum  fields  are  found  at  the  interfaces.  The 


V  taterfacc  n 


Figure  1.  The  solutions  to  Poisson’s  equation  for  a  wholly  depleted  PZT  film, 
showing  the  charge  distribution  (p),  electric  field  (E),  potential  (<^)  and 
energy  band  diagram  at  equilibrium 
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presence  of  this  field  can  affect  significantly  the  FE  properties  of  the  film.  For  example, 
assuming  =  10’*/cm^,  film  thickness,  t  =  0.5 /itn  and  Ep^y  =  1000,  it  is  calculated 
that  Eq  =  45.2  kV/cm  according  to  Eqn.  (2).  The  magnitude  of  this  field  is  comparable 
to  the  E(,  values  (-20-60  kV/cm)  measured  on  PZT  films  prepared  in  our  laboratories 
(e.g.,  2].  The  E^  for  similar  bulk  ceramics  is  about  1  kV/cm.  Thus  the  higher  values  of 
E(.  found  in  FE  films  can  likely  be  attributed  to  the  built-in  field  which  needs  to  be 
overcome  to  switch  the  domains.  Since  E^,  is  linearly  dependent  on  N^,  a  high  purity  PZT 
film  with  a  low  value  of  is  expected  to  yield  a  low  value  of  E^,.  Note,  too,  that  if  the 
acceptor  concentration,  Nj,  is  not  uniform  throughout  the  film  (resulting  perhaps  from 
variations  in  Pb  content),  the  uneven  field  distribution  can  lead  to  asymmetric  values  of 
Eg,  as  are  frequently  encountered  in  FE  films. 

The  uneven  huilt-in  field  can  give  rise  to  different  regions  within  the  film  with 
different  T^’s,  which  in  turn  can  lead  to  a  transition  in  the  FE  properties  ove’’  ;  range 
of  temperature,  as  documented  for  the  dielectric  constants  of  FE  thin  films  as  a  function 
of  temperature.  Additionally,  the  presence  of  such  a  built-in  field  can  smear  out  the  FE 
properties  of  films  of  relaxor  FE’s  (e.g.,  PMN)  which  are  much  more  sensitive  to  electric 
fields  than  are  normal  FE  films  (e.g.,  PZT).  As  a  result  of  this  built-in  field,  the 
dielectric  constant  is  much  lower  in  relaxor  thin  films  (-1000)  than  found  in  similar 
relaxor  bulk  ceramics  (- 10,000). 


Current-Voltage  Characteristics 

Upon  application  of  an  external  voltage,  (or  field,  V^/t),  the  charge  remains 
e.ssentially  constant  since  Njj  and  t  are  fixed.  However,  the  field  is  now  shifted  by  V^/t 
as  indicated  in  Fig.  2.  The  distance,  y  (denoting  zero  field  or  maximum  potential)  is 
given  by: 

Yi' 

Eo\  (6) 

(where  V^<E^t) 


The  new  built-in  voltage  ^((Vg)  as  a  function  of  applied  bia.s,  V^,  is  now: 


From  Fig.  1: 

41.  =  (at  V^=0) 


(7) 


(8) 


•  4>'i(z^)  =  4>i-v, 


1 _ ^ 

2  4E^t 


(9) 


The  current  consists  predominantly  of  a  net  electron  flow  across  the  depleted  film 
even  though  the  film  was  initially  assumed  to  be  p-type.  Note,  however,  that  by  the 
depletion  approximation,  no  majority  free  carriers  are  present  throughout  the  wholly 
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depleted  films.  The  current  results  from  injection  of  electrons  at  the  interfaces.  The 
effective  barrier  heights  seen  at  interface  1  and  11  are  <j>^,  +  d>i  (V^)  +  and: 


Pi  PZI  Pt 


Eo 
-Ho  • 


4>"(Va) 


Interface  I 


Va 

E 


I 

Interface  II 


Figure  2. 


The  solutions  to  Poisson’s  equation  for  a  wholly  depleted  PZT  film 
showing  the  electric  field  (E),  potential  (</>)  and  energy  band  diagram  at 
an  applied  bias  <  Eq, 


4>i,  - 


(10) 


and 


2  4£„C 


(11) 


The  current  flows  at  both  interfaces  due  to  the  applied  voltage,  Vj,,  are  then; 


KN^e 


7  (I 


(12) 


J„  =  KN^e 


The  net  current  'ii.c  io  electron  flow  is: 


2KN^.e 


<?v; 

i64>,*r 


sinh 


2kT 


(13) 


(14) 


Consider  now  an  applied  bias,  Vj,  >  Ept.  The  effective  barrier  heights  at  interfaces 
1  and  11  are  <^b  and  d>b  +  ^a’  respectively.  Hence  the  current  flow  is 
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Jj.  -  Jj-Jji 

=  (15) 

Since  V^>EQt(or  4<^j),  the  term  in  the  bracket  -1,  and 

Jy  =  (16) 

The  current  is  limited  strictly  by  Interface  1;  and  for  constant  d>|j  (assumed  independent 
of  applied  voltage),  the  current  is  then  constant  with  increasing  voltage  above  Eg,.  A 
general  plot  of  the  1-V  behavior  of  the  back-to-back  Schottky  barrier  accerding  to  :’ic 
proposed  model  is  shown  in  Fig.  3a  and  agrees  quite  well  with  observed  I-V 
characteristics  (Fig.  3b).  Also  shown  in  Fig.  3a  are  the  I-V  characteristics  expected  for 
a  conventional,  partially  depleted  Pt-P2T-Pt  capacitor  which  is  dominated  by  the  reverse 
bias  current  (Eq.  16)  of  a  Schottky  barrier  and  is  fairly  independent  of  applied  bias. 

By  considering  the  dependency  on  t  in  Eqn.  (14),  it  is  predicted  that  in  thinner 
films,  the  current  and  saturation  voltage  should  increase  and  decrease,  respectively  with 
decreasing  thickness.  Since  the  saturation  current  is  determined  by  the  current  at 
Interface  I  (Eqn.  (16)),  the  magnitude  of  the  saturation  current  is  expected  to  be 
independent  of  film  thickness,  assuming  other  parameters  are  constant,  namely  and 

€pZT- 

III.  CONCLUSIONS 

A  successful  model  of  the  Pt-PZT-Pt  capacitor  has  been  proposed  which  is  based 
on  totally  depleted  back-to-back  Schottky  barriers  rather  than  partially  depleted  Schottky 
barriers.  Predictions  of  the  model  agree  closely  with  measured  device  characteristics 
obtained  in  our  laboratories  (particularly  1-V  leakage  currents). 

The  model  appears  to  have  far-reaching  consequences  for  understanding  PZT  (or 
any  general  FE)  films.  It  predicts  that  there  exists  a  large  built-in  field  (about  50 
kV/cm)  within  the  films.  The  pre.sence  of  such  built-in  fields  can  explain  the  elevated 
values  of  E^.  compared  to  those  of  corresponding  bulk  ceramics,  the  asymmetry  of 
hysteresis  loops  found  in  some  FE  films  (due  to  uneven  field  distributions),  the  diffuse 
transition  of  values  with  temperature  near  T^,  and  the  much  lower  values  ot  t,  in 
relaxor  films  (about  1000-2000)  compared  with  values  for  bulk  ceramics  (up  to  25,000). 
Aging  behaviors  of  the  films  can  be  influenced  by  the  fields.  The  deleterious  effects  of 
aging  (viz.,  the  monotomic  decrease  of  with  time  due  to  gradual  domain  reorientation) 
can  perhaps  be  mitigated  by  tailoring  the  N^  profile  across  the  film  to  achieve  a  constant 
field  along  the  polarization  direction. 
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Figure  3.  The  a)  predicted  totally  depleted  and  partially  depleted  and  b)  measured 
1-V  characteristics  of  a  Pt-PZT-Pt  capacitor  with  similar  barrier  heights  at 
both  interfaces 
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ABSTRACT 

A  series  of  sol-gel  derived  PZT  films  with  various  Zr/Ti  ratios  -  namely  PT.  0/100 
-  20/80,  35/65,  53/47,  65/35,  80/20,  94/6  and  PZ,  100/0  -  were  prepared  on  platinized 
Si  wafers.  Excess  PbO  was  added  to  the  precursor  chemistries  to  compensate  for 
eventual  PbO  loss  and  also  to  aid  in  obtaining  the  desired  perovskite  pha.se. 

It  was  found  that  the  phase  assembly,  namely  the  presence  of  tetragonal  or 
rhombohedral  perovskite  phases,  plays  an  important  role  in  determining  the  fatigue  and 
retention  behavior.  PT-rich  (or  tetragonal)  films  offer  better  retention  characteristics 
than  those  observed  in  PZ-rich  (or  rhombohedral)  or  PZT  53/47  films.  Films  with  PZ- 
rich  compositions  tend  to  exhibit  superior  fatigue  behavior  compared  with  PT-rich  films. 


INTRODUCTION 

Lead  zirconate  titanate  (PZT)  is  a  widely  studied  ferroelectric  (FE)  material 
utilized  for  its  FE,  dielectric,  electro-optic,  acousto-optic,  pyroelectric  and  piezoelectric 
properties  in  both  bulk  and  thin  film  forms  (1).  PZT  is  a  solid  solution  containing  lead 
titanate  (PT)  and  lead  zirconate  (PZ)  in  various  stoichiometric  ratios.  PZT  x/y  refers 
to  Pb(Zr^yiggTiy^lQ0)O3where  x,y<100  and  x-sy  =  100.  PZ  is  antiferroelectric  (AF). 
while  PT  IS  ferroelectric;  and  solid  solutions  of  these  two  end  numbers  produce  mostly 
FE  materials  with  material  properties  which  are  highly  dependent  on  the  Zr/Ti  ratio. 
Examples  of  the  effect  of  this  stoichiometry  ratio  on  material  properties  include 
dielectric  constant,  planar  coupling  constant  and  T^.,  the  Curie  point.  PT-rich  and  PZ- 
rich  compositions  belong  to  the  tetragonal  and  rhombohedral  modifications  respectively 
of  the  perovskite  crystal  structure.  In  the  PZ-PT  phase  diagram,  the  rhombohedral- 
tetragonal  boundary  is  the  most  important  feature,  termed  the  morphotropic  phase 
boundary  (MPB).  It  is  located  at  about  53  atom  %  Zr,  47  atom  %  Ti  (PZT  53/47).  Not 
only  is  the  dielectric  constant  highest  at  this  boundary,  but  also  the  electromechanical 
coupling  factor  and  piezoelectric  coefficients  achieve  their  maximum  values  here  [1]. 

Recently  PZT  films  have  attracted  considerable  attention  for  applications  in  non¬ 
volatile  ferroelectric  memory  since  such  films  exhibit  .switchable  polarization,  fast 
switching  times  and  excellent  fatigue  and  retention  behaviors  (e.g.,  2].  Most  of  the 
attention  has  been  focused  on  the  MPB  comptosition,  namely  PZT  53/47.  The  numerous 
techniques  u.sed  to  prepare  PZT  films  include  magnetron  sputtering  |3],  diode  sputtering 
[4],  e-beam  evaporation  [5],  la.ser  ablation  [6],  MOCVD  [7],  and  sol-gel  methods  [8]. 
There  is,  unfortunately,  scant  attention  in  the  literature  directed  to  exploring  the  effect 
of  Zr/Ti  ratio  on  the  FE  properties  of  PZT  films.  The  film  properties  are  expected  to 
vary  since  the  crystal  structure  and  FE  nature  (whether  FE  or  AF)  change  with  Zr/Ti 
ratio. 
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EXPERIMENTAL 

The  precursor  solutions  were  prepared  using  Pb  acetate  and  Ti/Zr  alkoxides.  Ihe 
desired  stoichiometries  were  achieved  in  these  precursor  solutions  by  adding  the 
appropriate  molar  ratios  of  Pb,  Zr  and  Ti  (where  applicable).  Mole  %  excess  PbO  was 
also  incorporated  as  shown  by  the  chemical  formulae  Ph|  iZrjj/iooTiy/iopOj  ,  where 
x,y<  100  and  x  +  y=  100.  The  .specific  compositions  chosen  cover  the  range  of  tetragonal, 
orthorhombic  and  rhombohedral  modifications  of  PZT,  namely  PZT  0/100,  PZT  20/80, 
PZT  35/65,  PZT  53/47,  PZT  65/35,  PZT  80/20,  PZT  94/6  and  PZT  100/0.  After 
refluxing  for  3  hours,  the  solutions  were  concentrated  to  1.0  \1 

Substrates  chosen  were  Si(lOO)  wafers  which  had  previously  been  thermally 
oxidized  before  being  sputtered  with  Pt  to  yield  Pt(2000A)/Si02(l500A)/Si.  Spincoating 
was  performed  in  a  Cla.s.s  100  clean  room  using  a  Headway  Spinner  at  2000  rpm  for  30s. 
The  precursor  solutions  were  filtered  using  a  syringe  filter  (0.2  ^m)  to  minimize  panicle 
contamination.  The  green  films  were  fired  at  500C  to  burn  off  the  organics,  yielding 
films  -  1700A  thick  per  coating.  In  order  to  achieve  thicker  films,  multiple  coatings  were 
performed.  Typically  three  coatings  were  required  to  obtain  films  about  0.5  pm  thick. 
Finally,  the  films  were  fired  at  700C  to  crystallize  them  fully  into  single-pha.se  perovskite. 

Microlithography  was  used  to  define  BOpm  x  130pm  Pt  top  electrode  pads  using 
the  lift-off  technique.  The  monolithic  Pt-PZT-Pt  capacitors  were  completed  by  obtaining 
back-contact  through  acid-etching  one  portion  of  the  film.  Prior  to  characterization,  the 
capacitors  were  post-metallization  annealed  at  lOOC  or  350C  for  .30  mins  to  consolidate 
the  top  electrodes. 

The  pha.se  a.ssembly  in  the  films  was  monitored  by  X-ray  diffraction  (XRD)  using 
a  Scintag  XRD  Diffractometer.  The  FE  properties,  namely  the  fatigue  and  retention 
behavior,  were  measured  using  a  Radiant  Technologies  RT-66A  Ferroelectric  Tester. 
To  determine  the  fatigue  behavior  of  the  PZT  films,  100  kHZ  bipolar  square  pulses  with 
amplitudes  of  8V  were  applied  from  an  external  HP  3314A  Function  Generator  and  the 
polarization  changes  as  monitored  in  the  hy.steresis  loops  using  the  virtual  ground 
method  were  recorded  up  to  10*  cycles.  For  retention  behavior,  a  single  bipolar  pulse 
of  8V  was  applied  to  each  capacitor  under  test  and  the  polarization  was  monitored  up 
to  10^  s. 


RESULTS  AND  DISCUSSION 

The  fatigue  and  retention  behavior  of  the  PZT  films  were  analyzed  based  on  P*. 
namely  the  difference  between  the  maximum  polarization  in  one  polarity  and  the 
remanent  polarization,  in  the  reverse  polarity  as  a  function  of  cycling  or  time 
respectively.  Note  that  P  is  a  .strong  function  of  the  applied  voltage  (or  field)  since  the 
voltage  determines  the  maximum  polarization  achieved.  The  voltage  applied  to  the  films 
was  preset  to  8  V. 

The  values  of  P*  measured  for  the  as  a  function  of  Zr  content  and 
processing  temperature,  namely  700  and  75(XZ,  are  shown  in  Fig.  1. 
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—  700C  —  750C 


Fig,  1  Value  of  polarization  (P*)  of  PZT  thin  films  as  a  function  of  Zr  content  and  firing 

temperature. 

The  polarization  P*  reaches  a  maximum  value  at  the  MPB  composition,  namely 
PZT  53/47.  As  expected,  the  polarization  values  are  higher  for  films  fired  at  (i.e.,  750C) 
than  for  those  fired  at  (i.e.,  700C),  likely  due  to  enhanced  crystallinity  and  larger  grain 
sizes  after  firing  at  the  higher  temperature.  It  has  been  reported  that  PZT  films  with 
larger  grain  sizes  obtained  from  higher  annealing  temperature  and/or  the  presence  of 
judiciously  controlled  excess  PbO  lead  to  FE  films  exhibiting  large  values  of  polarization 
and  dielectric  constant  due  to  enhanced  domain  wall  mobility  [9]. 

Figs.  2a  and  b  show  the  effects  of  cycling  using  8  V  amplitude  100  kHz  square 
waves  on  the  values  of  P  for  a  series  of  PZT  films  with  different  stoichiometries.  The 
polarizations  after  fatiguing  have  been  normalized  with  respect  to  the  polarization  values 
in  the  virgin  capacitors.  It  can  be  ob.served  that  films  fired  to  higher  temperatures  are 
less  susceptible  to  the  deleterious  effects  of  fatigue,  namely  the  monotomically 
decreasing  polarization  with  continuous  cycling.  In  both  sets  of  films  fired  to  700C  and 
750C,  films  with  compositions  removed  from  the  MPB  tend  to  display  superior  fatigue 
resistance;  among  the  films,  PZT  53/47  films  exhibit  the  fastest  decrease  in  polarization 
with  cycling.  The  fatigue  behavior  was  superior  in  the  PZT  53/47  films  fired  to  higher 
temperatures,  i.e.  750C,  compared  to  similar  PZT  53/47  films  fired  to  700C. 
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Fig,  2  The  effect  of  fatigue  on  values  of  normalized  P*  in  various  PZT  thin  films  fired 
to  a)  700C  and  b)  750C  for  30  min. 

For  films  fired  at  700C,  rhombohedral  PZT  films  (with  high  Zr/Ti  content)  tend 
to  be  superior  in  fatigue  behavior  compared  with  tetragonal  films.  In  contrast,  for  films 
fired  at  750C,  the  observations  are  reversed,  i.e.,  tetragonal  films  exhibit  better  fatigue 
resistances  than  rhombohedral  films.  U  has  been  documented  [  10]  that  in  PZT  films,  the 
partial  pressure  or  activity  of  PbO  increases  with  Zr  content,  e.g.,  and  hence  leads  to 
more  significant  PbO  loss  (arising  from  PbO  volatility  and/or  diffusion  into  substrates) 
in  PZT  films  fired  at  higher  temperatures. 

The  retention  behaviors  of  the  PZT  films  fired  to  700C  and  7,S0C  are  shown  in 
Figs.  3a  and  b  respectively,  where  the  polarizations  are  also  normalized  with  respect  to 
the  initial  values  of  polarization. 


Normalized  Polarization 
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Fig.  3  Retention  hehavior  ot  various  PZT'  thin  films  fired  to  a)  IIMK'  and  b)  7,>(K  . 

Films  near  the  MPB  composition  exhibited  the  least  desirable  retention  behaviors, 
i.e.,  the  fastest  decrease  of  P  with  time;  while  films  away  from  the  MPB  composition 
(i.e.,  with  highly  tetragonal  or  rho  nbohedra!  crystal  structures)  exhibited  superior 
retention  capability,  i.e.,  virtually  lime  independent  polarization  values. 

One  important  aspect  of  processing  PZT  films  i.s  the  effect  of  post-metallization 
annealing  after  the  deposition  of  top  Pt  electrodes.  For  P7  .3.3/47  films,  post- 
metallization  annealing  seems  to  be  deleterious  to  the  overall  faugue  behavior:  for  an 
unannealed  film,  the  polarization  decreased  to  only  0.93  of  its  vire.n  value  after  10** 
cycles,  whereas  for  an  annealed  .33/47  film,  the  polarization  dropped  to  0.67  of  its  virgin 
value  after  the  same  number  of  polarization  reversals.  Other  PZT  films  with 
stoichiometries  different  from  PZT  53/47  appear  less  affected  by  such  post-metallization 
annealing  with  respect  to  their  fatigue  behavior.  However,  the  present  authors  have 
reported  that  the  leakage  current  increases  with  post-metallization  annealing  temperature 
ranging  from  KXIC  to  450C  even  for  such  films  which  have  been  fired  to  7(KK'  18). 
Preliminary  ED  studies  of  the  Pt  substrates  where  the  top  PZT’  films  were  etched  off 
indicated  an  appreciable  amount  of  Pb  inierdiffusion  into  Pi. 


CONCLUSIONS 

The  fatigue  and  retention  behaviors  have  been  measured  for  PZT  thin  films  with 
various  stoichiometries  fired  to  7()(K’  and  75(K'.  These  FE  properties  are  dependent  not 
only  on  the  Zr/Ti  stoichiometry,  but  also  the  phas^  ttssemblage.  firing  temperature  and 
post-metallization  annealing.  Films  ol  the  ,MPB  composition,  PZT  53/47,  exhibited  the 
worst  fatigue  and  retention  behaviors,  i.e.,  the  largest  change  in  polarization  values  with 
cycling  id  time.  Regardless  of  the  stoichiometries,  PZT  films  fired  to  higher 
temperatures  show  superior  fatigue  behavior  than  those  fired  at  lower  temperatures. 
Rhombohedral  PZT  films  tend  to  he  superior  in  fatigue  resistance:  however,  at  elevated 
firing  temperaures  (e.g.,  75()C),  these  rhombohedral  films  are  less  desirable  in  terms  of 
fatigue  behavior  due  to  excessive  PbO  loss. 
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Post-metailizalion  annealing  results  In  nut  only  poorer  fatigue  behavior,  but  also 
increa.sed  leakage  currents,  probably  altrlbuieil  to  PbO  diffusion  into  both  the  substrates 
and  lop  Pt  electrodes.  However,  based  on  judicious  choice  of  composition  and  firing 
temperature,  it  is  possible  to  ttbtain  entirely  fatigue-free  PZT  films  up  to  10®  cy  cles,  e  g., 
in  PZ  T  35/65  films  fired  to  7(X)C’,  which  are  highly  attractive  for  ferroelectric  memory 
applications. 
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ABSTRACT 

A  novel  technique  to  mea.sure  the  Curie  leniperalure  of  ferroelectric  thin  films 
h;is  been  developed.  The  method  is  based  on  identifying  changes  in  slope  ot  film  stress 
\s  temperature  plot.  At  the  Curie  temperature,  ferroelectric  tilms  undergo  a  phase 
transition  from  ferroelectric  phase  to  partielectric  phtist.  Due  to  this  phase 
transformation,  physical  properties  of  films  such  as  elastic  constants  and  cuctticienis  of 
thermal  expansion  also  change  at  the  Curie  temperature.  ConsequenlK.  at  this 
temperature  the  temperature  coefficient  of  film  sire.ss  changes  since  it  is  rel.ilcd  to  elastic 
constants  and  thermal  expansion  coefficient.  Thus,  by  measuring  the  film  stress  as  a 
function  of  temperature,  the  Curie  temperature  can  be  determined.  1  he  Curie 
temperatures  measured  by  this  method  are  in  good  agreement  with  the  literature  s. ikies. 
Smtill  discreptmeies  that  were  observed  can  be  tittributed  to  the  intrinsic  stresses  present 
in  the  films. 

A  Novel  Method  for  Determining  the  Curie  Temps  "allure  of  FerriK'lecIric  f  ilms 

The  high  vtilues  of  switchtible  spontaneous  polarization,  dielectric  constant, 
pyroelectric  coefficient,  piezoelectric  coefficient  and  electro-optic  coellicieni  ot 
ferroelectric  films  have  been  exploited  for  several  tipplications  including  nomol.itile 
electronic  memories,  dynamic  random  ticcess  memories,  infraied  detectors,  acoustic 
tr.msducers.  waveguide  devices  and  optictil  memories  |lj.  The  upper  operating 
temperature  of  these  devices  is  limited  by  the  Curie  temperature  (1 J  of  the  ferroelectric 
tilm  because  above  the  Curie  temperature  the  material  becomes  paraelectric  and  loses 
all  its  inleiestiiig  ferroelectric  properties.  Therefore,  for  ;i  given  applictition  the  (  uric 
lempertiture  limits  the  choice  of  material.  For  example,  because  of  its  low  Ba  TiO. 
is  not  a  preferred  material  for  nonvoltitile  memory  applications  when  compared  to 
Ph(Zr|  _^Ti^)0^  (PZT).  tilt  hough  the  ferroelectric  properties  are  ctm'.  pa  ruble.  In  addition 
to  limiting  the  material  choice.  T^.  also  limit  the  amount  of  dopants  used  to  im|iro\e 
certain  characteristics  of  a  material  since  the  doptints  can  reduce  the  Curie  temperature. 
For  exiimple.  Lti-doping  of  Ph{Zr|_j  Tij^jO,.  despite  its  advanttiges.  is  limited  to  around 
2  :itom%  heciiuse  L;i  tidditions  reduce  T^.  in  a  linetir  m.innertit  the  rale  ol  apfiroximaiely 
,'7'^C  per  atomC;-  La  [2|. 

The  nature  of  ferroelectric  to  partielectric  transition  (i.e,  sharp  vs  broad  transition ) 
tn.d  are,  in  genertil.  .sensitive  functions  of  microstruclure.  dopant  concentration,  and 
more  imponantly,  state  and  amount  of  mechanical  stress  (.A).  F'or  thin  films,  mechanical 
stresses  are  very  important  since  stresses  are  always  present  in  the  tilm,  unless  they  arc 
free  standing.  For  example,  it  is  shown  thtit  compressive  stresses  ot  the  order  of  4(HI 
MPti  increased  T^.  of  BaTiO,  thin  films  by  about  2d*’C  14|. 

It  is  apptirent  from  the  above  discussion  thtit  an  accurate  determination  ot  F^  of 
ferroelectric  films  is  crucial.  Although  .several  slandtird  techniques  tire  available,  most 
of  these  require  the  deposition  of  electrodes  because  they  depend  on  changes  in  the 
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temperature  dependence  of  electrical  properties  (c.g..  poltirization.  dielectric  constam). 
In  this  letter,  a  simple  method  is  reported  for  determining  the  Curie  temperature  ot 
ferroelectric  films,  which  does  not  require  any  electrodes.  In  this  technique.  I  ol  a 
terroelectric  film  is  obtained  from  the  slope  changes  in  film  stress  vs  temperature  jilots. 
Concomitantly,  the  effect  of  film  stress  on  the  Curie  temperature  can  also  be  evaluated. 
In  addition,  using  this  method  the  elastic  stiffness  and  thermal  expansion  coefficient  of 
the  film  can  also  be  obtained  [4|. 

The  contribution  of  the  thermoelastic  component  (thermal  stress  component),  a,),, 
arising  because  of  the  difference  in  the  linear  thermal  expansion  coefficients  of  the 
substrate  and  the  film  materials,  to  the  total  film  stress,  a,,,,,  is  defined  by  the  expression 

°th  =  lEf/(  l-v,)|  (a^-a,)  dT  (1) 

where  E,  and  v^are,  respectively,  the  Young's  modulus  and  Poi.sson  s  ratio  for  the  film 
material;  a^and  Bfare  the  linear  thermal  expansion  coefficients  of  the  substrate  and  lilm. 
respectively  and  T[  and  Tv  is  the  temperature  interval.  From  equation  I.  the  slope  of 
a  stress  vs  temperature  plot  can  be  related  to  the  thermal  expansion  coefficient  by: 

(do/dT)  =  |E(/(l-v,)](a^-a|)  (2) 

For  obtaining  equtition  2.  the  vtilues  of  E.  a.  and  v  are  assumed  to  lie  independent  ot 
temperature,  which  is  valid  within  the  uncertainly  of  the  experimental  iechnn.|iies 
enqiloyed. 

For  a  given  substrate,  the  slope  of  the  stress-temperature  curve  is  determined  by 
the  film  properties  E,-.  Vf  and  Oj  (equation  2).  A  change  in  the  skipe  of  the 
stre.ss-temperature  curve  is  expected  at  the  Curie  Point  because  ferroelectric  ai.d 
paraelectric  phases  have  different  properties.  Thus,  by  measuring  the  film  stress  as  a 
function  of  temperature  T,.  can  be  obtained,  in  principle,  for  a  ferroelectric  film. 
Similarly,  other  characteristic  pha.se  transition  temperatures  of  the  films  can  .ilso  be 
obtained.  It  should  be  pointed  out  thtit  other  components  of  total  film  stress  such  as 
extrinsic  and  intrinsic  stre.s.se,s  may  have  an  influence  on  the  nature  of  changes  in  the 
slope  of  the  stress-temper.iture  curve. 

The  stress  of  the  films  was  measured  using  an  optically  leveraged  laser-beam 
apparatus  (Flexus  F24(K)).  This  tester  is  capable  of  running  in-xilu  stre.ss  measurements 
at  temperatures  up  to  9(I()**C.  It  uses  a  la.ser  as  the  probing  source  and  a 
position-sensiiive  detector  to  measure  the  displacement  of  the  la.ser  reflection  from  the 
wafer  surface.  These  displacements  are  converted  to  radii  of  curvature.  The  sensitivitv 
of  this  tester  is  limited  to  a  radius  of  curvature  of  4(K)t)  m.  which  corresponds  to  about 
1.3  MPa  for  a  0.3  pm  film  on  ;i  525  pm  thick  Si  substrate.  For  the  case  ot  a 
homogeneous,  isotropic  thin  film  deposited  on  a  thick  substrate  where  the  film-substrate 
bond  is  strong  enough  to  suppress  slippage,  the  total  film  stress  is  related  to  the  radius 
of  curvature  (R)  of  the  substrate  by  Stoney's  equation  [5J 

o,„,  =  [E,/(l-v,.)]{t//6tf)(l/'R)  (3) 

where  t^  and  tf  are  thicknesses  of  sub.strate  and  film,  respectively  ;md  E,^/(  l-v^)  is  the 
biaxial  modulus  of  the  substrate. 
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PZT  films  with  three  compiisitions,  Zr/Ti  ratios  of  O/UK),  53/47.  and  75/25  were 
deposited  on  100  mm  diameter  Pt  coated  Si  wafers  by  a  sol-gel  process  (()].  l  ilm 
preparation  by  sol-gel  process  involves  precursor  (sol)  preparation,  hydrolysis, 
polycondensation,  film  formation,  and  sintering.  In  this  study.  PZT  films  were  fabricated 
from  sol-gel  precursors  (0.4M)  of  lead  acetate,  titanium  isopropoxide.  and  zirconium 
n-propoxide  dis,solved  in  glacial  acetic  acid  and  n-propanol.  The  proper  amounts  of  Zr 
und  Ti  alko.dJcs  were  premixed  in  .he  presence  of  propanol  and  acetic  acid  before  the 
addition  of  lead  acetate.  These  solutions  were  hydrolyzed  with  appropriate  amounts  ol 
water  and  were  further  diluted  with  propanol  and  acetic  acid  to  form  the  final 
precursors.  Thin  films  were  deposited  by  spin  coating  on  Pt  coated  Si  substrates  using 
spin  speed  of  3(KK)  rpm.  After  spin  coating,  each  film  was  dried  at  150‘’C  for  5  minutes 
on  a  hot  plate.  Film  thicknesses  were  around  0.3  pm  after  two  coatings.  The 
configuration  of  the  PZT  film  .,n  Pt  wafers  is  as  follows;  PZT  (0.3pm)/Pt  (400  nmJ/Ti  (30 
nni)/SiO-,  (200  nm)/{  l(K)}  Si  substrate.  Detailed  description  of  the  PZ  T  film  deposition 
can  be  found  in  Reference  [7|. 

For  e;ich  sample,  two  identical  heating-cooling  cycles  were  run  sequentially.  The 
samples  were  heated  in  two  identical  annealing  cycles  from  rttom  temperature  to  f)50‘'C 
and  cooled  down  to  room  temperature  twice  in  ambient  condition.  The  heating  rtite  was 
5*'Omin  and  the  cooling  rate  was  2.5*^C/min.  The  main  reason  for  annealing  the  samples 
in  two  cycles  is  that  till  irreversible  triinsitions  are  presumably  completed  in  the  first 
cycle  and  the  second  heating-cooling  cycle  only  involves  the  reversible  Curie  transition. 

The  stress-temperature  plots  of  PZT  films  with  Zr/Ti  ratios  of  75,25.  5.3/47.  and 
(l/lOO  during  the  second  heating-cooling  cycles  are  shown  in  Figures  I.  2.  and  3. 
respectively.  The  square  symbols  indicate  measurements  during  heating  while  inverted 
triangles  symbols  indicate  metisurements  during  cooling.  All  three  plol.t  exhibit  simihir 
stress  response  as  a  function  of  annealing  temperature.  However,  the  pure  PbTiO,  film 
has  a  more  abrupt  change  in  stress  at  temperatures  around  45()*’C.  The  film  stresses  of 
these  PZT  films  decrease  from  initial  stresses  ranging  from  800  to  1300  MPti  in  tension 
after  the  first  annealing  cycle.  The  decrease  in  stress  is  relatively  linear  with  the 
annealing  temperature  until  a  break  of  linearity  is  observed  at  a  higher  temperature. 
Evidently,  the  variation  of  film  stress  as  a  function  of  annealing  teniperiiture  is  a 
reversible  process.  The  stress-tempirrature  profiles  during  heating  matched  very  well  to 
those  during  cooling.  This  indicates  th;it  the  irreversible  tninsitions  and  reactions  arc 
presumably  completed  after  the  first  annealing  cycle.  As  expected,  changes  in  slope  for 
the  stress-temperature  curves  were  observed  at  the  Curie  transition  due  to  the  changes 
in  physical  properties.  When  the  samples  underwent  paraelectric  (cubic)  to  ferroelectric 
(noncubic)  transformations,  the  elastic  constant  and  the  coefficient  of  therma'  expansion 
(ttf)  of  these  samples  also  underwent  a  change.  Consequently,  these  changes  of  elastic 
constant  and  Of  resulted  in  the  discontinuity  found  in  the  sire.ss-lemperalure  profiles  at 
the  Curie  temperature.  Hence,  Curie  temperatures  can  be  determined  from  these 
stress-temperature  plots  and  their  values  are  tabulated  in  Table  I.  It  should  be  noted 
that  the  experimental  Curie  temperature  values  presented  in  table  I  are  the  averages  of 
at  least  four  measurements. 

The  Curie  temperatures  of  PZT  films  measured  by  the  film  stress  method  are  in 
qualitative  agreement  with  those  obtained  from  the  bulk  PZT  ceramics  [8],  but  Table  I 
shows  they  are  17*’c  to  28'’C  higher  than  in  these  corresponding  bulk  ceramics.  This  can 
be  attributed  to  the  large  intrin.sic  .stresses  present  in  the  films.  The  ferroelectric  to 
paraelectric  transition  (at  the  Curie  point)  results  in  a  volume  decrease,  the  intrin.sic 
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Figure  1.  Film  stress  of  the  75/25  PZT  film  as  a  function  of  annealing  temperature.  The 
square  symbols  indicate  measurements  during  heating,  inverted  triangles  symbitls  indicate 
measurements  during  cooling. 


Figure  2.  Film  stress  of  the  53/47  PZT  film  as  a  function  of  annealing  temperature. 

tensile  stresses  would  counteract  this  volume  decrease  and  ihereftire  increase  the  Curie 
temperature.  For  PbTi03,  the  volume  change  at  T^  is  very  high  when  compared  with 
PZT  films.  Therefore,  the  effect  of  extrinsic  stress  on  temperature  dependence  of  stress 
is  significant  for  PbTiOj.  This  may  explain  the  non-linear  change  in  stress  at  T^.  for 
PbTi03  (Figure  3). 
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Table  I  Curie  I  eniperature  as  a  Functu^n  of  Ctnnposiiion 
fonipositicin  'i;"!’  (‘*C)‘  T/'-'’  ("C) 


PbTiO, 

507  ±  8 

490 

5.4/47 

4.49  ±  10 

411 

75/25 

456  ±  1-4 

.4.45 

T  "P  =  Curie  temperature  measured  in  this  experiment  :  1^'^'  =  Curie  lem|)eratiire 
yiveii  in  the  literature  ^  ;  *  Average  of  at  least  four  metisurements 


^^000 


+  200  +400  +000 

TEMPERATURE  ( 'C) 


Figure  3,  Film  stress  of  the  Pb'l'iO^  film  ;is  a  function  of  tinnetiling  temperattire. 

In  summary,  a  novel  method  for  determination  of  Curie  temperature  of 
ferroelectric  films  by  film  stress  measurement  is  described.  The  Curie  temperatures 
measured  by  the  film  stress  method  are  in  good  agreement  with  the  literature  values 
for  bulk  materials.  The  discrepancy  of  Curie  temperature  c;m  be  exphiined  by  the 
large  intrinsic  tensile  stresses  present  In  the  film. 
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ABSTRACT 

The  primary  objective  of  this  study  is  to  demonstrate  an  in-situ  stress  measurement 
technique  for  the  study  of  formation  kinetics  of  multicomponent  thin  films  such  as 
PbTiO  3.  Film  stress-temperature  and  film  stress-time  plots  have  been  successfully 
used  to  monitor  the  phase  formation  of  PbTiOs  films  in  a  in-situ  way.  It  is  believed 
that  the  mechanism  of  this  reaction  was  dominated  by  grain  boundary  diffusion  of  the 
participating  cations.  The  activation  energy  of  the  PbTiOs  phase  formation  from 
Pb0/Ti02  double  layers  was  estimated  to  be  108  kcal/mole. 

INTRODUCTION 

Thin  films  of  multicomponent  oxides  such  as  PbTiOs  have  been  extensively 
studied  due  to  their  remarkable  ferroelectric,  pyroelectric,  and  piezoelectric  properties. 
The  applications  of  these  thin  films  include  opto-electroonic  devices,  sensors, 
transducers,  and  non-volatile  memory  devices  [1].  Variety  of  vapor  deposition 
techniques  have  been  applied  to  the  fabrication  of  these  thin  films.  Physical  vapor 
deposition  techniques  such  as  sputtering  and  evaporation  often  encounter  a  problem  of 
controlling  film  stoichiometry.  One  of  the  methods  of  overcoming  this  problem  is  the 
multilayer  approach  [2],  in  which  the  composition  of  the  films  is  accurately  controlled 

by  depositing  designed  thickness  of  individual  layers  (e  g  A  +  B - -  AB).  In  PbTiOs 

system,  the  multilayers  used  can  be  metallic  layers, 

Pb  +  Ti PbTiOa  (1) 


or  oxide  layers 


PbO  +  TiO  PbO  +  Ti02 - ■  PbTiOa.  (2) 

In  order  to  optimize  the  process  of  thin  film  fabrications,  it  is  of  great  importance 
to  understand  the  formation  kinetics  of  thin  films.  When  a  thin  film,  denoted  as  film 
A,  is  deposited  on  a  substrate,  the  total  film  stress  of  film  A  can  be  a  function  of 
temperature,  time,  substrate  and  film  thickness  [3|.  If  a  second  film,  denoted  as  film  B, 
is  deposited  on  top  of  film  A,  the  total  film  stress  of  this  bilayer  can  be  influenced  not 
only  by  the  aforementioned  factors  but  also  by  chemical  reaction,  if  any,  between  film 
A  and  film  B.  Assume  that  film  stresses  of  the  individual  layers  are  constant  at  a  given 
temperature,  when  a  product  layer  of  AB  is  formed  at  the  interface  between  A  and  B 
by  chemical  reaction,  total  film  stresses  of  the  multilayers  could  be  defined  by  the 
tWckness  of  films  A,  B,  and  AB.  Since  the  extent  of  reaction  is  time-dependent  at  a 
given  temperature,  the  total  stress  of  the  mult  layer  is  also  time-dependent.  Therefore, 
the  formation  kinetics  of  multicomponent  thin  films  can  be  studied  by  using  the  in-situ 
stress  measurement  technique. 

In  this  repxrrt  it  is  our  goal  to  demonstrate  this  novel  in-situ  stress  measurement 
technique  for  studying  the  formation  kinetics  of  multicomponent  thin  films. 

EXPERIMENTAL  PROCEDURE 

The  electron  beam  evaporation  system  for  film  deposition  was  described  in 
detailed  elsewhere  [4].  Before  deposition,  the  system  was  pumped  down  to  4xl0‘*  lorr, 
rising  to  2-3xl0't  torr  during  depiosition.  All  the  depositions  were  performed  at 
ambient  temperature  with  a  deposition  rate  of  0.2-0.5  nm/s.  Total  film  thickness  was 
kept  at  300nm. 
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High  purity,  vapor  deposition  grade  oxides  (PbO  and  TiO)  were  used  as  the 
evaporation  sources.  TiOj  was  not  used  due  to  its  decomposition  during  deposition 
Based  on  theoretical  calculations  and  taking  into  account  the  loss  of  Pb  (10  mol  %  of 
PbO  was  added),  the  thicknesses  of  the  PbO  and  TiO  layers  were  approximately  200nm 
and  lOOnm,  respectively.  The  2-inch  sapphire  substrates  were  cleaned  by  a  series  of 
organic  solutions  and  deionized  water  followed  by  drying  in  N2  gas 

Film  stress  measurements  as  a  function  of  temperature  and  time  were  performed 
for  the  PbO/TiO  oxide  multilayers,  on  2-inch  diameter  sapphire  substrates  in  air  The 
heating  rate  was  5°C/min.  The  sample  curvature  was  calculated  from  the  change  in 
position  of  a  reflected  laser  beam.  The  position  was  measured  by  a  position  sensitive 
detector  while  the  beam  was  scanned  across  the  sample.  The  total  film  stresses  were 
calculated  by  comparing  the  substrate  curvature  before  and  after  film  deposition  using 
the  Stoney  equation  [5],  which  yields  the  biaxial  stress  in  the  thin  films  parallel  to  the 
substrate: 


Es 


“tTTr 


(3) 


where  Es,  I's,  and  ts  are  Young’s  modulus,  Poisson’s  ratio,  and  thickness  of  the 
substrate,  respectively,  and  tf  is  the  film  thickness.  R  is  an  effective  radius  of  curvature 
of  the  substrate  determined  by  R  =  1/(1/R2  -  1/Ri),  where  Ri  and  R2  are  the  substrate 
radii  of  curvature  before  and  after  film  deposition  This  formula  is  applicable  when  tf  is 
far  smaller  than  ts  and  the  central  wafer  deflection  is  much  smaller  than  the  diameter  of 
the  wafer.  Both  conditions  are  met  in  the  present  work. 

Based  on  this  technique,  stress-temperature  and  stress-time  plots  of  the 
PbO/TiO/sapphire  specimens  were  obtained.  In  order  to  quantify  the  extent  of  the 
reaction  and  the  morphological  change  associated  with  film  stresses  development, 
separate  tests  were  carried  out,  such  as  x-ray  diffraction  analysis  for  phase 
determination  and  scanning  and  transmission  electron  microscopy  for  morphology 
observation. 


RESULTS  AND  DISCUSSION 


After  initial  deposition  of  the  individual  PbO  and  TiO  layers,  oxidation  of  the 
oxide  layers  would  take  place  first.  From  our  previous  study  [6J  it  was  reported  that 
both  of  the  oxide  layers  completely  oxided  at  <  500'C.  It  was  also  reported  [7]  that  the 
reaction  between  lead  oxide  and  titanium  oxide  could  not  take  place  below  400"  C  and 
was  very  slow  at  <  500'C.  Accordingly,  when  the  temperature  raised  to  500’ C,  the 
diffusion  couple  of  PbO/TiO  multilayers  would  become  PbO/Ti02  multilayers,  and  the 
reaction  between  PbO  and  Ti02  could  be  neglected.  The  formation  of  PbTiOs  from  the 
PbO/Ti02  multilayers  was  then  activated  at  >  500”C.  From  now  on  the  study 
concentrates  on  the  temperature  range  from  550’ C  to  625’ C. 

In-Situ  Study  of  PbTiOs  Formation  by  Stress  Measurement 

Fig.  1  depicts  a  typical  stress-temperature  plot  for  the  multilayers  subjected  to 
annealing  in  air  at  575’ C  for  4  hours  with  a  heating  rate  of  5’C/min.  The  as-deposited 
multilayers  were  under  tension  with  a  film  stress  of  around  100  MPa  It  was  found  that 
the  as-deposited  film  stress  was  very  sensitive  to  deposition  rate.  As  the  temperature 
was  raised,  the  film  stress  started  decreasing  at  around  300’ C  and  reached  a  local 
minimum  at  around  400’ C,  then  increased  slightly  and  decreased  to  a  state  where  the 
film  was  nearly  stress  free  at  500’ C.  This  region  of  the  curve  was  attributed  to  the 
oxidation  of  the  multilayers.  The  uptake  of  oxygen  into  the  films  may  have  resulted  in 
increased  film  volume,  generating  compressive  stresses  Above  500’  C,  the 
stress-temperature  curve  entirely  fell  into  the  compressive  region.  Compressive  stress 
continued  developing  in  the  films  when  the  temperature  was  above  500’ C  and  reached  a 
local  minimum  in  the  isothermal  region.  This  section  of  the  curve  was  attributed  to  the 
formation  of  the  PbTiOa  phase  in  the  film.  These  compressive  film  stresses  then 
started  to  relax.  After  4  hours  at  575"  C  the  film  was  cooled  down  to  room 
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Fig.  1  Typical  stress-temperature  plots  of  PbTiOs  formation 


Fig.  2  Stress-time  plots  of  PbTiOs  formation 


TA'O  THETA 

Fig.  3  XRD  spectra  of  PbTiOs  films  annealed  at  600"C  for  (A)  0.1  (B)  10  (C)  30 
minutes 
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temperature.  Film  stresses  in  this  region  showed  very  good  linearity  against 
temperature.  Therefore  thermal  stress  (ffthj  could  be  calculated  as: 

api  =  EfdQAT/(l  -  i/f)  (1) 

where  AT  is  the  difference  between  T  and  the  annealing  temperature  and  the  value. 
EfAa/(  1-i/f),  the  product  of  the  biaxial  modulus  of  the  film  and  the  difference  in 
thermal  expansion  coefficients  between  film  and  substrate,  was  -:i  (12x10  2  Ml’a  K  ' 

The  isothermal  region  in  Fig  1  could  be  plotted  as  film  stress  against  time  Fig 
2  shows  the  film  stress-time  plots  for  several  different  temperatures  Again,  film 
stresses  reached  minima  in  the  plots.  For  instance,  the  minimum  was  fuiiiui  at  around 
40  minutes  for  575'(.’.  Lowering  the  annealing  temperature  increased  the  time  to 
achieve  a  minimum,  eg.  around  100  minutes  for  550' C  Conversely,  raising  the 
annealing  temperature  decreased  the  time  to  achieve  a  minimum  e  g  around  20  miniites 
for  600"  C  By  annealing  at  025' C,  the  minimum  occurred  too  quickly  to  appear  on  the 
plot.  It  was  believed  that  the  development  of  compressive  stresses  in  the  region  where 
the  annealing  time  went  from  0  to  the  minimum  point  should  be  responsible  fur  the 
compound  formation  of  the  PbTiOs  phase.  It  was  confirmed  by  x-ray  diffraction 
analysis  (as  shown  in  Fig.  3)  that  the  minima  in  the  stress-time  plots  were  reached 
when  the  formation  of  the  PbTiOj  phases  were  completed 

It  is  believed  that  formation  of  the  Pb'fiOs  phase  111  the  diffusion  couple  of 
Pb0/Ti02  multilayers  was  dominated  by  the  interdiffusion  of  the  participating  species 
and  vacancy  movement.  During  formation,  the  generation  of  compressive  stresses  iii 
the  film  could  be  attributed  to  the  expansion  of  the  lateral  ilimension  of  the  films, 
caused  by  the  generation  of  vacancies  and  grain  boundaries.  After  the  formation  was 
completed,  the  high  strain  energy  stored  by  vacancies  and  grain  boundaries  mvded  to 
be  released.  Therefore,  tensile  stresses  were  generated  by  the  elimination  of  vacancies 
and  grain  boundaries  in  the  films,  and  the  total  film  stresses  were  reduced. 

Formation  Kinetics 

When  sequentially  deposited  films  are  all  very  thin  compared  with  the  substrate, 
each  film  imposes  a  separate  bending  moment  and  separate  curvature  Since  motnotits 
are  additive  so  are  the  curvatures. 

1/Ri  +  I/R2  +  •  •  •  =  (eid|  +  (72dj  +  •  •  • )  (a) 

II 

erd  =  ^  CTidj,  (6) 

i  =  l 

where  a  and  d  denote  total  film  stress  and  thickness,  respectively 

For  the  multilayers  Pl'0/Ti02  on  the  sapphire  substrate,  the  total  film  stress  can 
be  written  as: 


rrd  =  (Tada  +  ai,d|„  (7) 

where  (a)  and  (p)  denote  PbO  and  Ti02  and  later  (aii)  is  PbTiOs. 

Assume  that,  first,  stresses  of  the  PbO,  Ti02  and  PbTiOj  layers  (rra,  ap,  and  aap) 
are  constant  during  the  formation  process.  Second,  the  total  thickness  (d)  of  the 
multilayers  is  constant,  and  third,  initial  stress  is  defined  as  a  =  (i7ada  +  (7bdi,)/d, 
where  da/dp  2/1.  The  value  of  uj  is  obtained  from  the  stress-temperature  plot  where 
the  temperature  is  500"  C, 

At  a  certain  fraction  of  reaction  where  a  layer  of  PbTidj  (dap)  is  formed,  the 
total  film  stress  becomes 
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12  1 
a  =  j  "[o'a(da - J^ab)  +  - j^ab)  +  ^ab<^ab] 

=  -g— [(ffada  +  O^db)  +  <lab(^^ab  ^)] 

=  (_ada_+_2i^)  +  (<7»b  - -22»-+-a-)(_^) 

=  ai  +  (aab  -  <7i)(-^|^) 

Therefore.  ^  =  f(T.  t).  (8) 

From  equation  (8)  the  thickness  of  the  PbTiOs  layer  formed  can  be  deduced  as 

d.b  =  d-f.  (9) 

The  growth  of  the  PbTiOa  layer  is  governed  by  the  parabolic  law,  i.e.,  (dab)’  = 
kt,  where  k  is  the  rate  constant.  Fig.  4  illustrates  the  kinetics  of  PbTiOs  growth  at 
three  different  temperatures.  Since  the  data  of  Fig.  4  represents  a  diffusion-controlled 


Fig.  4  Growth  kinetics  of  PbTiOj  at  three  different  temperatures 


Fig.  5  Arrhenius  plot  of  PbTiOs  formation 
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growth  process  the  chemical  interdiffusion  coefficient  (D)  can  be  determined  from  the 
rate  constant,  k  =  40.  The  rate  constant,  k,  has  an  Arrhenius  behavior  as  shown  in 
Fig.  5.  The  straight  line  fit  points  to  a  thermally  activated  growth  of  PbTiOs  on 
sapphire.  The  activation  was  estimated  to  be  108  kj/mole.  This  value  is  in  excellent 
agreement  with  the  literature  values  [7], 

For  the  formation  of  ionic  crystttls  such  as  PbTiOa  it  is  believed  that  the  slower 
partner  that  essentially  determines  the  reaction  rate  From  the  rate  constants,  the 
chemical  diffusion  constant  of  PbTiOs  formation  in  this  work  could  be  obtained  as 
6.8xl0'*<  cm2/sec  at  575’ C  The  chemical  diffusion  constants  at  this  temperature  were 
estimated  to  be  IxlO'i^  cmVsec  for  PbO(8]  and  7.4xt0''‘cm2/sec  for  TiOj  [8]  Our 
experimental  value  is  approximately  an  order  lower  than  that  for  PbO  and  two  order 
higher  than  that  for  TiOj.  This  would  suggest  that  transport  of  TO"  ions  through  the 
product  layer  is  the  rate-determining  step.  Furthermore  it  is  believed  that  the 
participating  components  mainly  diffuse  through  the  grain  boundaries  Accordingly  the 
diffusion  constant  of  the  reaction  can  be  written  as  D^i,  =  3xl0'^exp(-108,000/kT) 
cm2/sec.  From  the  grain  boundary  diffusion  constant,  one  can  extrapolate  the  rate 
constant  of  the  PbTiOj  formation  at  500' C.  The  amount  of  reaction  between  PbO  and 
TiOj  films  annealed  at  500' C  for  0.1  minute  was  calculated  to  be  2%  This  value  is 
neglectable  and  is  consistent  with  the  literature  report  [7] 

SUMMARY 

In-situ  stress  measurement  technique  has  been  successfully  developed  to  study 
the  formation  kinetics  of  multi-component  thin  films  such  as  PbTiOj.  Using  the 
multilayer  approach,  film  composition  can  be  simply  controlled  by  the  thickness  of  the 
individual  layers,  i.e.  PbO/TiO.  During  annealing,  the  TiO  layer  converts  into  TiOj 
phase  at  temperatures  less  than  500" C.  Above  500"  C,  the  formation  of  the  PbTiOs 
layer  at  the  interface  of  PbO/Ti02  altered  the  total  stress  of  the  multilayers  By 
monitoring  stress  changes  in  the  multilayers,  the  in-situ  formation  kinetics  of  PbTiOj 
films  was  successfully  examined.  The  activation  energy  of  PbliOj  formation  was 
estimated  to  be  108  KJ/mole  which  is  in  excellent  agreement  with  the  literature  value. 
It  is  believed  that  the  formation  of  PbTiOa  phase  was  dominated  by  grain  boundary- 
diffusion  mechanism  because  of  the  very  fine  grain  size  in  the  films 

ACKNOWLEDGMENT 

This  work  was  financially  supported  by  DARPA  through  a  project  from  ONR, 
and  by  The  Center  for  Advanced  Ceramic  Materials  at  Virginia  Tech 

REFERENCES 


1  M.  Okuyama  and  Y.  Hamakawa,  Int.  J  Engng.  Sci  ,  29(3),  391  (1991) 

2.  E.  R.  Myers  and  A.  I.  Kingon,  "Ferroelectric  Thin  Films,"  Materials  Research 
Society  Symposium  Proceedings,  Vol.  200,  Materials  Research  Societv,  Pittsburgh,  PA. 
1990 

3.  J.  C.  Braveman,  W.  D.  Nix,  D.  M.  Barnett,  and  D.  A.  Smith,  "Thin  Films:  Stresses 
and  Mechanical  Properties,"  Materials  Research  Society  Symposium  Proceedings,  Vol 
130,  Materials  Research  Society,  Pittsburgh,  PA,  1989 

4.  C.  C,  Li  and  S,  B,  Desu,  Ceramic  Transactions,  25,  59  (1992) 

5.  G.  G.  Stoney,  Proc,  Royal  Society  London,  A82,  172,  (1909) 

6.  C.  C.  and  S.  B,  Desu,  unpublished  work 

7.  G,  Janson,  E,  Z.  Freidenfelds,  I,  Skomorokha,  and  O.  S  Maksimova,  Uch  Zap 
Rizhsk.  Politekh.  Inst,  16,  387  (1965) 

8.  S  Mrowec,  "Defects  and  Diffusion  in  Solids:  An  Introduction,"  Elsevier  Scientific 
Publishing  Company,  Amsterdam,  Netherlands,  1980 


441 


ELECTRICAL  PROPERTIES  OF  AMORPHOUS  THIN  FILMS  OF 
FERROELECTRIC  OXIDES  PREPARED  BY  SOL-GEL  TECHNIQUE 


Yuhuan  Xu,  Ren  Xu*,  Chih-Hsing  Cheng  and  John  D  Mackenzie 
Department  of  Materials  Science  and  Engineering.  University  of  California. 
Los  Angeles,  CA  90024,  USA 

‘Current  address;  Department  of  Materials  Science  and  Engineering,  The  University  of  Utah, 
Salt  Lake  City,  Utah  841 1 2 


ABSTRACT 

Amorphous  thin  films  of  ferroelectric  oxides  including  lead  zirconate  titanate 
(PZT),  barium  titanate  (BaTi03)  and  lithium  niobate  (LiNbOs)  several  kinds  of 
substrates  were  prepared  by  a  sol-gel  technique  The  heat-treatment  temperatures 
for  preparation  of  amorphous  thin  films  were  much  lower  than  those  for  the 
corresponding  crystalline  ferroelectric  thin  films  Electrical  properties  of  these 
amorphous  thin  films  were  measured  and  compared  with  those  of  corresponding 
crystalline  films.  These  amorphous  thin  films  exhibited  ferroelectric-like  behavior  A 
model  of  the  microstructure  of  these  films  is  proposed 

INTRODUCTION 

A  ferroelectric  is  normally  a  spontaneously  polarized  material  with  its 
polarization  reversible  under  an  external  electric  field  Unique  properties  of 
ferroelectric  materials  such  as  piezoelectric,  electro-optic,  electro-acoustic,  and 
nonlinear  optic  effects  have  made  possible  a  variety  of  device  applications  ni 
Ferroelectric  thin  films  have  received  increased  attention  in  recent  years  and  many 
deposition  techniques  have  been  employed  for  their  preparation  [2]  A  variety  of 
novel  devices,  such  as  non-volatile  memories,  electro-acoustic  transducers, 
pyroelectric  infrared  detectors,  electrooptic  modulators,  optical  waveguides,  etc 
have  been  demonstrated.  (3l 

One  of  the  main  obstacles  between  demonstrational  waveguide  devices  and 
commercial  applications  is  the  optical  loss  due  to  grain  boundary  scattering 
Consequently,  effort  have  been  directed  to  the  fabrication  of  single  crystal  (such  as 
LiNb03)  waveguides  by  techniques  such  as  RF  sputtering,  liquid  phase  epitaxy  and 
ion-exchange.  It  is  also  in  principle  possible  to  avoid  the  problems  of  grain  boundary 
scattering  by  completely  eliminating  crystallinity  in  these  waveguides  From  the 
materials  science  point  of  view,  such  endeavour  involves  the  synthesis  of  an 
amorphous  material  that  presents  at  least  some  of  the  typical  ferroelectric  or 
ferroelectric-like  behavior. 

Amorphous  ferroelectricity  was  first  suggested  by  Lines|4)  and  partially 
experimentally  demonstratedis]  on  rapidly  quenched  LiNbOj  and  LiTaOj  glasses, 
where  a  ferroelectric  or  ferroelectric-like  phase  transition  was  reported  at 
temperatures  below  the  crystallization  temperature  Other  observations  of 
ferroelectric  or  ferroelectric-like  phase  transitions  in  LiNbOs  and  PbTi03  systems[6-8j 
have  been  reported  in  the  past  where  RF  sputtering  was  also  used  to  form 
amorphous  films  of  these  systems.  However,  there  has  been  no  report  of  P-E 
hysteresis  loops  and  pyroelectric  coefficients  of  these  materials,  mainly  due  to  the 
difficulties  in  making  these  amorphous  materials  in  large  enough  quantities  and 
geometries  suitable  for  property  measurement.  Despite  these  previous  reports,  the 
confirmation  of  amorphous  ferroeiectricicy  still  awaits  more  conclusive  experiments. 
Observation  of  P-E  hysteresis  and  improvement  of  processing  techniques  are 
needed  for  this  purpose. 
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PREPARATION  OF  AMORPHOUS  THIN  FILMS 

Sol-gel  processing  Is  a  demonstrated  technique  for  fabricating  amorphous  and 
crystalline  oxide  thin  films  in  the  last  two  decades  (9, lo)  Not  surprismyly 
considerable  efforts  was  devoted  to  the  fabricaton  of  crystalline  ferroelectric  thin  films 
by  this  technique  However,  there  has  been  no  effort  in  utilizing  this  technique  to 
fabricate  amorphous  thin  films  of  known  ferroelectric  systems  For  example 
amorphous  LINbOs  thin  films  can  be  fabricated  by  the  sol-gsl  technique  (see  the  flow 
chart  in  Fig  1).  Lithium  and  niobium  ethoxides  were  known  to  form  intermolecular 
complexes  often  called  double  alkoxides  upon  refluxing  for  extended  periods  of 
time  (11-14)  The  solution  structure  can  be  controlled  by  allowing  complexation  of 
LiOCjHs  with  Nb(OC2H5)5  forming  the  double  alkoxide  LiNb(OC2H5)6  This  is  a 
slow  reaction  and  needs  sufficient  time  for  completion  In  ethanol  solutions,  the 
LiNb(OC2H5)g  double  alkoxide  was  stable  and  can  be  characterised  by  FTIR  and 
NMR.(141  This  double  alkoxide  in  its  crystalline  form  closely  resembles  the  local 
atomic  configuration  of  crystalline  LiNbOg  (is)  Other  intermolecular  complexes  with 
different !  i/Nb  ratio  were  not  found  and  generally  not  expected  for  alkali-Nb  alkoxide 
complexes. (13)  It  was  our  intention  to  control  the  formation  of  such  double  alkoxides 
in  the  solution  stage  and  further  to  preserve  this  atomic  level  configuration  through 
the  gelation  stage  so  that  the  resulting  film  consists  of  similar  local  units  as  those  in 
crystalline  LiNbOg 

Amorphous  LiNbOj  gel  films  were  deposited  on  substrates  (  such  as  metal  Pt 
Ti,  silicon  and  Au  passivated  silicon  wafers  )  and  stabilized  at  lOO'C  m  air  for  2 
hours  X-ray  diffraction  and  electron  diffraction  of  the  sample  are  showed  in  Fig  2, 
where  the  diffraction  patterns  and  diffused  rings  indicate  the  amorphous  nature  of  the 
film  High  resolution  electron  microscopy  also  confirmed  that  no  crystallites  with  a 


ring  indicated  the  amorphous  nature  of  the  thin  film 
Crystallization  occured  at  temperatures  above 

Fig.  1  A  flow  chart  for  the  preparation  of  LiNbOg  350'C  The  bottom  spectrum  shows  the  indexed 
films  by  the  sol-gel  method.  X-ray  dittraction  peaks  of  crystalline  LiNbOg  film 

on  silicon  (100)  single  crystal  water 


4.13 


Amorphous  lead  zirconate  titanate  (P2T)  and  amorphous  barium  tiianate 
(BaTlOa)  thin  films  on  metal  Ti  substrate  were  also  prepaied  by  using  the  sol-gel 
method  It  has  been  confirmed  by  X-ray  and  electron  diffraction  that  these  films 
heated  at  temperatures  below  400°C  are  still  amorphous  1171 

ELECTRICAL  PROPERTIES 

Electrical  characterizations  was  facilitateo  with  a  Au/amorphous 
film/Au-passizated  silicon  sandwich  structure  A  modified  Sawyer-Tower  bridge  was 
used  foi  hysteresis  loop  measurements  Figure  3(a)  shows  the  60Hz  hysteresis 
loops  of  amorphous  LiNb03  films  coated  on  Au  passivated  silicon  wafers  ( 
heat-treated  at  tOO^C  for  2  hours  )  P,  and  values  of  7  SpC/crr’  and  1  lOKV/cm 
respectively,  were  found  to  be  in  the  same  order  of  magnitude  of  those  of  single 
crystal  LiNbOs  Figure  3(b)  and  3(c)  show  the  loops  of  amorphous  P2T  and 
amorphous  BafiOa  thin  films,  respectively 

Dielectric  properties  of  the  amorphous  films  as  a  function  of  frequency  were 
measured  at  room  temperture  As  an  example,  the  dielectric  spectra  of  amorphous 
LiNbOa  is  shown  in  Fig  4  Four  peaks  caused  by  piezoelectric  resonance 
absorption  at  115kHz,  1  9MHz,  7  5MHz  and  10  9MHz  were  observed 


Fig  3  60Hz  P-E  hysteresis  loops  of  .amorphous  thin  films,  (a)  amorphous  LiNbOa,  scale  of  P  5  6 
f/C/cm^/div.  and  scale  of  E:  14.7kV/mm/div.:  (b)  amorphous  P7T,  scale  of  P,  ZpC.'cmwdiv  and  scale  of 
E.  6.5kV/mm/div,;  and  (c)  amorphous  BaTiOg,  scale  of  P:  1  SpC/cm^/div  and  scale  of  E.  itkV/mm/div 
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Fig,  5  Pyroelectric  curent 
ip(T)  of  Au  /  amorphous  PZT 
thin  film  /  Au  sample 
Measurements  were  made 
at  different  times  after 
poling 


Table  I  Electrical  Properties  of  Amorphous  BaTiOs,  Pb(Zro  52^10  48)03.  and 
LiNb03Thin  Films  at  Room  Temperature 


Properties* 

Amorphous 

Amorphous 

Amorphous 

BaTiOa** 

PZT** 

LINbOs*** 

(400“C/1h) 

(400X/1h) 

(150'C/5h) 

Film  thickness  t 

0  3pm 

0.3pm 

0  13pm 

Dielectric  permittivity 

90  (Ike) 

160  (Ike) 

4,8(1kc) 

E  (25°C) 

70(1  OOkc) 

49  (lOOkc) 

3  2(100kc) 

Resistivity  (d  c ) 

15  X  109 

1  4  X  10^ 

1  75  X  106 

P  (Q-cm) 

Pyroelectric  coefficient 

p  (nC/cm^K) 

0  5 

13  8 

8 

Remanent  polarization 

Pr  (pC/cm2) 

2,3 

3  2 

7  8 

Coercive  field 

Ep  (kV/mm) 

Breckdown  strength 

10  6 

7  8 

1  1 

£b  (kV/mm) 

60 

53 

34 

*  Measured  samples  have  the  sandwich  structure  of  Au  /  thin  film  /  substrate. 
**  Metal  Ti  Substrate,  ***  Silicon  Substrate 


Pyroelectric  current  was  measured  by  a  picoammeter  connected  in  series  with 
the  sample,  while  the  sample  was  heated  at  a  moderate  rate  Before  the 
measurement,  the  amorphous  samples  were  poled  with  a  dc  electric  field  of 
7-10kV/mm  The  pyroelectric  coefficients  p  of  these  samples  are  listed  in  Table  1 
The  pyroelectric  current  change  with  time  were  observed  For  example,  in  the  case 
of  an  amorphous  PZT  film  poled  at  ISO'C.  the  pyroelectric  current  became  stable 
after  poling  162  hours  (  as  shown  in  Fig.  5  )  After  heating  up  the  poled  amorphous 
PZT  sample  to  250°C,  the  pyroelectric  current  disappeared  owing  to  depolarization 
Therefore,  It  was  identified  that  the  pyroelectric  effect  tn  the  amorphous  PZT  was 
caused  by  the  contribution  of  poled  dipoles 

The  above  observations  strongly  suggest  that  the  observed  ferroelectric-like 
behaviour,  i  e.,  P-E  hysteresis,  pyroelectricity,  and  piezoelectric  resonance 
absorption,  was  due  to  the  action  of  permanent  dipoles  in  these  amorphous 
feiroelectric  oxides  The  measured  electrical  properties  of  amorphous  BaTi03,  PZT 
and  LINbOg  thin  films  are  summarized  in  Table  1 
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MODEL  AND  DISCUSSION 

The  structural  origin  of  ferroelectric-like  behavior  in  these  amorphous  materials 
can  be  discussed  on  the  basis  of  the  sol-gel  fabrication  process  For  example,  one 
readily  identifies  the  basic  building  block  of  the  amorphous  LiNb03  as  the  polyhedral 
pair.  One  of  them  is  a  niobium-oxygen  octahedron,  and  the  other  one  is  a  highly 
distorted  lithium-oxygen  octahedron  sharing  a  face  viiith  the  niobium-oxygen 
octahedron.  Therefore,  in  the  amorphous  LiNb03  the  basic  building  block  is  very 
Similar  to  those  found  in  crystalline  LiNb03.  Due  to  the  differences  in  hydrolysis 
tendency  for  bidental  and  tridental  oxygens  in  the  ethoxides.  the  hydrolysis  reaction 
can  be  slowed  down  to  the  extent  that  the  octahedra  pairs  are  preserved  during 
hydrolysis.  Since  the  polycondensation  reaction  occurs  immediately  after  the 
hydrolysis  of  ethoxyl  groups,  an  amorphous  oxide  with  identifiable  octahedral  pairs 
is  produced  Figure  6(a)  illustrates  a  simplified  structure  of  amorphous  LiNb03.  The 
octahedral  pairs  after  hydrolysis  and  polycondensation  reactions  will  be 
interconnected  through  one  of  the  following  configurations:  head-to-head, 
head-to-tail,  side-by-side,  or  tail-to-tail.  After  complete  hydrolysis  and 
polycondensation,  an  amorphous  LiNb03  with  local  structure  shown  in  Figure  6(b)  is 
formed.  Such  assemblies  will  be  referred  to  here  as  "ferrons"  In  Figure  6(b)  then, 
there  are  two  ferrons  As  a  comparison,  a  small  crystallite  of  LiNb03  of  comparable 
size  is  drawn  in  Figure  6(c)  Ferrons  are  the  groups  of  octahedral  pairs 
interconnected  through  polycondensation  reactions  of  the  precursor  ethoxide  in  such 
a  fashion  that  the  pairs  are  aligned  relatively  along  one  direction  The  size  of  the 
ferrons  will  be  dependent  on  the  processing  condition  Similar  to  the  structure  of 
crystalline  LiNb03.  ferrons  have  on  the  average  1/3  vacant  octahedra,  1/3  lithium 
occupied  octahedra  and  1/3  niobium  occupied  octahedra  Within  the  volume  of  a 
ferron,  the  stoichiometry  is  satisfied,  and  the  relative  displacement  of  Nb^*  and  Li+’ 
ions  are  spontaneously  polarized  in  the  same  direction.  Because  of  the  randomness 
of  the  stacking  sequence  for  the  three  types  of  octahedra.  and  these  octahedra  have 
slightly  different  sizes,  each  ferron  is  not  a  crystallite  Ferrons  are  in  turn 
interconnected  through  their  octahedra.  The  random  orientation  of  the  adjacent 
ferrons  is  expected  to  result  in  the  formation  of  molecular  size  voids  [see  Figure  6(a)] 


Li-  oxygen 
octahedra 


(a)  Amorphous  LiNbOs  structure  (b)  Amorphous  ferron  pair  fc)  Crystalline  LiNbOs  structure 


Fig.  6(a)  Schematic  illustration  of  proposed  amorphous  LiNb03  structure.  The  arrows  indicate  the 
spontaneous  polarization  directions  for  different  ferrons;  (b)  Proposed  structure  of  a  ferron  pair;  (c)  A 
small  crystallite  of  LiNb03  constructed  using  the  same  group  of  building  blocks  from  the  ferron  in  (b). 
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The  directions  of  the  spontaneous  polarization  for  ferrons  are  random  tor 
amorphous  LiNb03,  and  the  polarization  is  reversible  by  an  external  electric  field 
Ferrons  in  close  proximity  may  interact  and  polarize  in  favor  of  one  particular 
direction,  although  in  the  absence  of  an  external  electric  field  the  overall  polarization 
of  the  macroscopic  sample  is  extremely  small  or  zero  When  an  external  electric  field 
is  applied,  a  net  polarization  in  the  direction  of  the  field  is  obtained  However,  this 
net  polarization  is  expected  to  be  smaller  than  that  of  the  crystalline  ferroelectric 
Although  the  above  proposed  model  is  still  preliminary,  it  does  explain  very  well  the 
observed  ferroelectric-like  behavior  of  the  amorphous  oxides  in  this  study 

The  above  picture  is  generally  applicable  to  other  amorphous  phases  of  known 
ferroelectric  crystals  by  similar  sol-gel  processing  The  observed  behavior  of 
amorphous  PZT  and  BaTi03  thin  films  in  this  study  are  also  attributed  to  the  ferron 
model. 

CONCLUSIONS 

1)  Amorphous  thin  films  of  ferroelectric  oxides  were  successfully  prepared  by  tfie 
sol-gel  method  with  heat-treatment  at  temperature  below  150“C  for  LINb03  and 
below  400‘’C  for  PZT  and  BaTi03,  respectively 

2)  The  electrical  properties  of  amorphous  LiNb03,  PZT  and  BaTi03  films  were 
measured  It  was  found  that  these  amorphous  thin  films  showed  ferroelectric-like 
behavior 

3)  A  structural  model  of  “ferrons"  is  proposed  to  account  for  the  ferroelectric-like 
behavior  in  the  amorphous  phase. 

4)  The  advantages  of  ferroelectric-like  amorphous  materials,  include  low 
processing  temperature,  low  dielectric  permittivity  and  good  transparency  without 
grain  boundaries 
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ABSTRACT 

The  need  for  integrated  fciToclectrics  as  charge  storage  capacitors  has  increased  dramatically  not 
only  for  use  in  radiation  hardened  and  commercial  non-volatile  memories,  but  also  as  possible 
high  dielectric  material  suitable  for  capacitor  applications.  These  properties  combined  with  a  thin 
film  format,  offer  the  capability  of  forming  very  compact  capacitor  structures  suitable  for  MCM 
applications  through  Flip-Chip  Bonding,  or  even  integrated  directly  onto  MMIC's.  In  this 
paper,  the  material  PbZrxTii.jOj,  where  x=l,  0.53,  and  0.60  has  been  assessed.  Thin  films 
were  produced  using  a  sol-gel  technique  onto  metallised  thermally  oxidised  silicon.  The  effects 
on  film  microstructure  and  crystallinity  with  variation  in  the  deposition  process  will  be 
described.  The  best  films  were  obtained  by  incorporating  excess  lead  in  the  starting  solutions, 
and  also  by  the  addition  of  acetylacetone  which  was  used  as  a  solution  modifier.  It  will  be 
demonstrated  that  fully  perovskite  films  can  be  readily  obtained  at  temperatures  as  low  as  45<)°C. 
The  films  were  normally  0.3-0. 44pm  thick  with  grain  sizes  of  the  order  of  0.2pm,  These  films 
exhibited  dielectric  constants  and  loss  in  the  range  170-800  and  1-3%  respectively. 
Measurements  upto  3MHz,  indicated  useful  performance  with  low  dispersion.  The  measured  Pr 
and  Ec  were  in  the  range  16-22pC/cm7,  and  6(F120kV/cm  respectively. 


INTRODUCTION 

The  complex  nature  of  the  lead  zirconate  titanate  (PZT)  material  .system  gives  it  a  unique  set  of 
electrical,  mechanical  and  optical  properties  which  have  been  used  or  proposed  f  •  device 
applications^  Recent  work  has  developed  a  new  set  of  applications  for  these  materials  involving 
devices  for  memory  and  logic  circuits  on  silicon  or  GaAs,  and  requiring  the  use  of  thin  films. 
Films  (200-300nm)  of  ferroelectric  allow  operating  voltages  compatible  with  normal  device 
voltages,  ie,  up  to  5V,  and  compatibility  of  the  film  deposition  technique  with  established  silicon 
processing  makes  integration  with  planar  circuit  technology  possible.  The  high  dielectric 
constants  offered  by  ferroelectric  materials  in  thin  film  format^  makes  them  attractive  for  use  as 
high  volume  efficient  capacitors.  The  space  saving  due  to  the  high  capacitance  could  be  further 
enhanced  by  combining  high  'K'  thin  layers  with  fiip  chip  solder  bonding  technology^-'*,  a 
combination,  which  has  previously  never  been  explored. 

The  flip  chip  technique  permits  the  use  of  area  array  bonding  and  thinner  substrates,  giving 
space  saving  potential,  but  in  most  cases,  the  capacitor  area  is  determined  by  the  dielectric 
properties  of  the  thin  film  material.  Capacitors  on  GaAs  presently  use  Si3N4  for  MMIC  RF 
decoupling  applications.  The  u.se  of  fcrroelectrics  is  expected  to  yield  a  factor  of  up  to  UKK) 
increase  in  permittivity  coupled  with  a  similar  reduction  in  chip  area.  The  choice  of  material  for 
this  application  depends  strongly  on  the  area  of  application  and  the  intended  operating  frequency 
range.  Of  the  range  of  ferroelectric  materials  available,  the  lead  zirconate  titanate  (PbZrxTii.x03) 
PZT  solid  solution  system  offers  the  greatest  potential.  It  has  been  shown  previously-’’  that 
compositions  close  to  x  =  0.98  can  provide  a  dielectric  constant  of  1 1 5  with  low  dispersion  and 
low  loss  out  to  microwave  frequencies.  In  this  paper,  we  report  the  use  of  sol-gel  derived 
PbZrxTii.x03  x  =  0.53, 0.6  and  1  thin  films  deposited  onto  platinum  coated  silicon  (100)  wafers 
with  a  thermal  oxide  barrier  layer. 
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EXPERIMENTAL  PROCEDURE 


The  precursors  used  lo  prepare  the  deposition  solution  consisted  of  lead  acetate  trihydrate, 
titanium  n-butoxide  and  zirconium  n-butoxide  in  2-melhoxyethanol  (2ME)  as  a  solvent.  The 
process  is  shown  schematically  in  Figure  1;  the  titanium  and  zirconium  precursors  were  reacted 
separately  and  then  added  to  the  dehydrated  lead  solution.  The  as  prepared  (53/47)  solution 
-0.7M  was  further  modified  with  acetylacetone  and  2ME  to  give  a  deposition  solution  of  about 
O.IM  strength.  The  sols  for  the  60/40  composition  and  100/0  were  not  acac  modified, 
however,  they  were  diluted  to  the  same  extent  as  that  used  for  the  53/47  sol.  Best  results  were 
obtained  with  lead  excesses  of  10%,  which  compensated  for  lead  loss  at  higher  temperatures  and 
aided  sintering.  The  films  were  typically  spin  coated  at  2000  rpm  for  30  seconds,  followed  by  a 
bake  at  170°C  to  remove  the  solvent.  This  process  was  repeated  several  times  and  then 
consolidated  at  450°C/2  mins.  This  temperature  was  found  to  be  sufficient  to  decompose  the 
organic  groups  and  crystallise  the  perovskate  phase.  The  thickness  per  layer  obtained  after  firing 
was  about  0.015pm.  The  substrates  used  consisted  of  e-beam  coated  Pt/Ti  on  Si02/silicon,  the 
Pt/Ti  thicknesses  were  1000  and  50A  respectively  and  were  u.sed  without  any  pre-annealing. 
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Figure  1.  Solution  Preparation  Schematic 


The  films  were  characterised  by  a  number  of  techniques,  including  X-ray  diffraction  (XRD) 
using  Cua  radiation  and  scan'  'ng  electron  microscopy.  Dielectric  properties  were  determined 
using  a  Wayne  Kerr  6425  LC  '  .leter  and  high  frequency  measurements  on  a  Hewlett  Packard 
4191A  impedance  analyser.  Hysteresis  loop  measurements  were  conducted  on  a  Radiant 
Technologies  RT66A  thin  films  tester. 


RESULTS  AND  DISCUSSION 

For  a  film  of  composition  53/47  (Zr/Ti)  a  preferentially  (111)  orientated  film  was  almost  always 
obtained,  as  shown  in  Figure  2.  Increasing  Zr  content,  however,  gave  an  increasing  degree  of 
preferred  (100)  orientation  as  shown  by  Figures  3  and  4,  for  a  60/40  and  a  100/0  film 
respectively.  It  was  noticable  that  where  samples  were  processed  without  a  450°C  intermediate 
bake,  conversion  to  the  perovskite  phase  proved  to  be  more  difficult  and  required  extended 
periods  of  time  at  450°C  or  higher  to  fully  convert. 

SEM  analysis  of  53/47  films  indicated  a  smooth  surface  (Figure  5)  and  showed  little  evidence  of 
grain  growth  at  450°C.  High  temperature  treatment  at  up  to  700“C  led  to  limited  grain  growth 
with  'rosette'  type  grains  up  to  0.2pm  observable.  It  is  though  that  this  is  probably  due  to  the 
acac  modification,  which  alters  the  sol  chemistry,  leading  to  fine  scale  grain  structures.  In 
contrast,  both  the  60/40  and  the  100/0  films  gave  good  microstructures  with  rapid  grain  growth 
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even  at  low  temperature.  A  typical  surface  is  shown  in  Figure  6.  This  shows  dense  regions  of 
grain  growth  interspersed  with  dark  areas  (matrix). 


Figure  2.  X-ray  trace  for  a  53/47  PZT  film  Figure  3.  X-ray  trace  for  a  6t)/4()  PZT  film 


Figure  4  X-ray  trace  for  a  100/0  PZT  film 


Examination  by  EPMA  (electron  probe  microanalysis)  concluded  that  the  matrix  region  was  lead 
deficient  and  Zr  rich.  Because  no  pyrochore  phase  was  detected  by  X-ray  diffractometry,  it  is 
thought  that  the  matrix  probably  consists  of  a  amorphous  pyrochlore  phase,  of  a  composition  as 
yet  undetermined.  Further,  higher  temperature  treatment  gave  limited  grain  growth  with  grains 
of  up  to  0.2)im  across.  It  is  tdso  interesting  to  note  that  an  unmodified  53/47  film  ahso  gave 
extensive  grain  growth  at  higher  temperatures.  In  our  investigation,  we  have  observed  a  reverse 
trend  to  that  seen  by  Klee  et  al®,  who  showed  that  pre-annealing  the  substrates  influenced  the 
oriented  growth  of  PZT  with  reasonable  grain  size.  In  our  case,  the  pre-annealed  substrates 
were  found  to  consist  of  a  smooth  surface  compared  with  an  unannealed  surface  which  was 
rougher.  This  surface  roughness  we  believe  leads  to  preferred  PZT  crystallisation  sites. 
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Figure  5.  SEM  surface  of  a  53/47  PZT  film 


Figure  6.  SEM  surface  of  a  60/40  PZT  film 


The  film  dielectric  characteristics  were  determined  by  evaporating  Cr/Au  electrodes  onto  the 
surface  of  the  film  through  a  shadow  mask  consisting  of  200  to  1mm  diameter  holes.  The 
bottom  electrode  was  exposed  by  acid  etching  at  a  corner  using  a  HF/HCl  mixture.  Both  the 
53/47  and  60/40  films  were  approximately  0.3pm  thick,  while  the  100/0  was  0.44pm;  for  films 
having  a  final  anneal  at  700°C.  As  the  Zr  concentration  was  altered,  three  different  types  of 
hysteresis  loops  were  observed,  as  shown  in  Figure  7.  The  53/47  films  all  gave  a  strongly 
asymmetric  loop  related  to  the  electrode  profile  of  the  slack  and  also  the  higher  Ti  content.  In 
general,  this  gave  a  Prand  Ec  values  in  the  range  24-32pC/cm2  and  95-1  lOkV/cm  respectively. 
Increasing  Zr  content  led  to  slimmer  loops  with  Pr  and  Ec  in  the  range  16-22  pC/cm^  and  63- 
112kV/cm  for  films  with  60/40  composition.  In  contrast,  PbZr03  which  is  antiferroelectric 
(AFE)  at  room-temperature,  show  loops  typical  of  a  dielectric.  Hysteresis  loops  have  been 
observed  for  PbZr03  previously^,  but  only  after  inducing  a  /VFE-FE  transition  under  a  high 
critical  electrical  field.  The  calculated  relative  permittivities  at  IkHz  were  of  the  order  of  8(X), 
300  and  180  for  53/47,  60/40  and  100/0  respectively.  The  measurement  of  permittivity  from 
IkHz  to  300kHz  showed  a  decrease  from  800  to  700  for  the  5.3/47  composition.  However,  both 
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the  Zr  rich  films  gave  negligible  variation  with  values  of  250  and  170  for  60/40  and  100/0 
respectively.  The  dielectric  losses  at  IkHz  also  show  a  similar  decrease  with  increa.sing  Zr 
content  from  ~4%  to  less  than  1%  for  pure  PbZrOj.  Interestingly,  the  100/0  film  also  gave  a 
very  high  resistivity  of  >10*0Qm;  compared  with  10‘^Om  for  53/47  and  60/40  compositions. 
The  low  dielectric  constants  r)btaincd  in  the  present  films  have  been  observed  previously**,  and 
may  be  due  in  part  to  variations  in  grain  size,  film  thickness,  interfaces,  etc. 
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Figure  7(a).  Hysteresis  for  a  53/47  PZT  film  Figure  7(b).  Hysteresis  for  a  60/40film 


Figure  7(c).  Hysteresis  typical  of  a  dielectric  (PbZr03) 


A  53/47  film  was  also  suitably  etched  and  electroded  with  Cr/Au  electrodes  of  area's  160pm- 
and  200pm^.  After  .suitable  wirebonding,  measurements  of  permittivity  and  loss  were 
performed  up  to  a  3MHz.  The  observed  permittivity  again  indicated  a  negligible  decrease  from 
550  at  IkHz  to  500  at  3MHz.  Similarly,  the  dielectric  loss  gave  value's  of  6%  and  3%  at  IkHz 
and  7MH7  resnectively.  This  is  not  unexpected  as  similar  behaviour  has  been  observed  in  PZT 
ceraniics'^,  where  the  uieleeuie  coi.oUmt  was  to  T.d  to  be  independent  of  frequency  in  the  range 
IkHz-lOOMHz,  with  a  value  close  to  1000.  Also,  the  low  frequency  dielectric  loss  was  found 
to  be  sensitive  to  dc-conduction  within  the  film,  leading  to  a  sharp  increase. 


CONCLUSIONS 

Highly  crystalline  perovskite  PZT  films  of  composition  53/47,  60/40  and  100/0  were 
successfully  deposited  on  metallised  silicon  substrates  using  the  sol-gel  process  at  450°C.  It  was 
shown  that  at  this  temperature,  the  preferred  orientation  gradually  changes  from  (1 1 1)  to  (100), 
as  the  film  composition  was  varied  from  53/47  -  l(K)/0.  All  the  films  exhibited  .small  grain  size 
of  the  order  0.2pm.  These  films  exhibited  dielectric  con.stams  and  loss  in  the  range  17()-8(K)  and 
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1-3%  respectively.  The  measured  Pr  and  Ec  were  in  the  range  16-22nC/cm^  and  6()-12()kV/cni. 
High  frequency  measurements  up  to  3MHz  for  a  53/47  film  indicated  useful  performance  in  the 
lower  MHz  range  with  low  dispersion. 
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ABSTRACT 

PbTiOjCPT),  Pb,.^LaJi,,^P,{PLT)  and  PbZr  Ji,.,0,(PZT)  thin  films 
were  prepared  by  rf  magnetron  sputtering.  It  was  found  that  the  thin  films 
have  remarkably  large  pyroelectric  effect  and  high  figures  of  merit  for 
infrared  sensors  without  poling  treatment.  High  performance  pyroelectric 
infrared  .sensors  (single  element  and  linear  array)  were  fabricated  by  using  the 
PLT(x=0.1)  thin  films  with  the  new  structures  and  the  device  process.  This 
type  of  sensor  is  carried  on  the  air  conditioner  to  detect  a  thermal 
environment.  The  PZT  thin  films  with  x=().9  showed  a  large  remanent 
polarization  of  46|iC/cm^  and  small  coercive  force  of  28kV/cm.  In  addition, 
good  endurance  behavior  (no  degradation  of  Pr  after  10"  cycles)  was 
observed.  Recent  activities  of  ferroelectric  thin  film  research  in  Japan  is  also 
reported. 

INTRODUCTION 

Lead-based  ferroelectrics  with  perovskite  type  structure,  such  as  PT,  PZT. 
PLT  and  (PbLa)(ZrTi)03  (PLZT),  have  interesting  and  beneficial  properties; 
i.e.,  dielectric,  ferroelectric,  piezoelectric,  pyroelectric,  and  optoelectric 
properties.  These  materials  have  been  widely  used  for  electric  devices  in  bulk 
ceramic  form.  However,  the  preparation  of  a  large  high  quality  single  crystal 
of  pure  Pb-based  ferroelectrics  is  very  difficult  because  of  high  volatility  of 
Pb  or  PbO. 

Development  of  high  quality  single  crystal  thin  film  of  Pb-based 
ferroelectrics  has  been  an  important  subject  of  our  thin  film  research  to 
obtain  new  or  advanced  properties  unattainable  in  ceramic  form  with 
randomly  oriented  grain  structure.  The  difficulties  to  produce  high  quality 
thin  films  of  Pb-based  ferroelectrics  are  mainly  due  to  the  relatively  high 
crystallization  or  epitaxial  temperature  (>5(M)°C),  the  high  volatility  of  PbO, 
the  low  melting  point  of  Pb(327°C)  and  the  necessity  of  high  oxygen  pressure 
for  the  oxidation  of  Pb.  Progress  of  thin  film  technology  in  this  decade 
make  it  possible  to  grow  a  high  quality  single  crystal  thin  film  and  a  film  with 
the  proper  crystalline  orientation  [1-3J.  We  have  reported  the  preparation 
and  electric  properties  of  PT,  PLT  and  PZT  films  epitaxially  grown  on  the 
single  crystal  substrate  [3-6]  and  the  application  of  these  films  to  infrared 
sensors  [7,8].  The  progress  of  thin  film  technology  is  realizing  the 
integration  of  ferroelectrics  into  semiconductor  devices  for  non-volatile 
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random  access  memories,  thermal  imaging  sensor,  piezoelectric  acoustic  wave 
transducers  and  optoelectric  device  applications[9]. 

In  this  paper,  PT,  PLT  and  PZT  films  fabricated  with  rf-magnetron 
sputtering  are  reported.  These  films  showed  unique  dielectric  and 
ferroelectric  properties.  Fabrication  and  characteristics  of  the  infrared  sensors 
using  PLT  thin  films  are  also  reported. 

FERROELECTRIC  THIN  RLM  RESEARCH  IN  JAPAN 

A  number  of  companies  and  universities  are  investigating  the  ferroelectric 
and  dielectric  thin  films.  At  the  1993  Spring  Meeting  of  Japanese  Society  of 
Applied  PhysicsfMar.  29  to  Apr.l  ),  fifty  five  contributed  papers  on 
ferroelectric  thin  film  were  discussed.  More  than  50%  of  the  papers  were 
aiming  at  memory  applications.  65%  of  papers  were  dealing  with  the  Pb- 
based  ferroelectrics,  especially  PZT  having  the  composition  of  morphotropic 
phase  boundary  (MPB). 

Many  researchers  investigated  a  fatigue  problem.  Professor  Okada's  group 
(Chubu  University)  examined  fatigue  characteristics  of  (001)  and  (111) 
oriented  PZT(45/55)  films  prepared  by  MOCVD[10).  These  PZT  films  were 
deposited  on  (1 1 1  JPt/SiO^/Si  and  (100)Pt/MgO,  respectively.  The  (001) 
oriented  PZT  showed  excellent  fatigue  characteristics  and  the  film  did  not 
degrade  until  almost  10’’ cycles.  However,  the  (111)  oriented  PZT  degrades 
at  about  10’  cycle.  They  di.scussed  the  mechanism  of  fatigue  from  the  view 
point  of  the  difference  of  crystal  orientation.  Lowering  of  process 
temperature  is  desired  for  the  compatibility  to  silicon  process.  Sharp  Corp. 
reported  PZT  films  prepared  by  RTA(deposited  at  250°C  and  15  seconds 
RTA)  with  good  fatigue  characteristics  (10’  cycle)(ll].  Olympus  and 
Colorado  University  group  discussed  the  fatigue  mechanism  from  the  view 
point  of  oxygen  defects  the  in  PZT  film  near  the  electrodes[l2]. 

The  pyroelectric  sensor  is  an  important  application  field  of  ferroelectric 
thin  film.  We  reported  almost  100%  c-axis  oriented  PLT  thin  film  deposited 
on  (100)Pt/MgO  by  rf  magnetron  sputtering[13].  This  film  showed  very  high 
pyroelectric  coefficient,  y,  of  1.3xl0'^C/cm‘’K  and  relatively  low  dielectric 
constant,  e^,  of  350. 

PLT  AND  PZT  FILMS  IN  MATSUSHITA 
Preparation  of  the  films  by  rf  magnetron  sputtering 

The  substrates  used  were  (lOO)MgO  and  (lOO)oriented  Pt  on  MgO.  For 
the  PZT  films,  (lll)Pt  coated  R-  and  c-sapphire  and  Si02/Si  substrates  were 
also  used.  The  compositions  of  sputtering  target  powders  were  given  by  the 
formula:  For  the  PLT  film,  (l-YXPb,_,Laj,Ti,_^jO,)+Y(PbO),  where  x=U.()- 
0.15  and  Y=0.2.  For  the  PZT  film,  (l-Y)(PbZr  ji,.,0,)+Y(PbO),  where 
x=0.2-0.9  and  Y=0.2.  The  films  were  deposited  at  a  substrate  temperature  of 
500-725°C  in  a  sputtering  gas  (Ar/02=9/l)  at  the  pressure  of  around  10“’ 
Torr.  The  deposition  rate  of  the  films  was  typically  6nm/min. 


457 


2(1  Cu  K<t  (deg  ) 

Fig.  1  X-ray  diffraction  pattern  of  PLT(x=().  15)  thin  film  dcpo.sitcd  on  Pt/MgO. 
Characterization  of  PLT  films 

The  films  were  examined  by  electron  and  X-ray  (CuKa)  diffractometry 
and  electron  microscope.  The  evaluation  was  made  in  the  degree  of  c-axis 
orientation  a;  OL=^ooA^ioo*^(ioi)'  where  1,^  and  1^,  represent  the  diffraction 
intensities  of  100  and  001  reflections,  respectively. 

c-axis  oriented  PLT  film  is  important  for  infrared  sensors,  because  the  c- 
axis  is  the  polarization  axis.  Highly  c-axis  oriented  PT  and  PLT  thin  films 
were  obtained  on  both  the  MgO  and  Pt/MgO  substrate.  Figure  1  shows  the 
typical  X-ray  diffraction  pattern  of  the  c-axis  oriented  PLT(x=l).15)  thin  film 
with  the  thickness  of  5.7pm.  The  a  of  this  film  is  0.97  and  OCl  reflections  of 
perovskite  structure  are  mainly  observed.  The  hOO  reflections  are  very  weak 
and  are  not  observed  clearly,  c-axis  orientation  of  the  films  is  due  to  the 
large  thermal  expansion  coefficient  of  MgO  and  ferroelasticity  of  the  PLT. 

In  order  to  investigate  the  film  quality  as  well  as  to  reveal  the  interface 
structure,  the  PLT  films  were  examined  by  high  resolution  electron 
microscopy.  TEM  photographs  of  the  cross  section  of  the  PLT  (x=0.15)  film 
deposited  on  the  MgO  substrate  are  shown  in  Fig.2.  Fig.  2(a)  shows  a  low 
magnification  image  of  the  film  in  which  no  crack  and  no  grain  boundary  is 
observed  and  the  film  seems  to  be  homogeneous.  The  diffraction  pattern  of 
this  area  shows  that  the  film  is  a  single  crystal.  At  the  central  part  of  the 
photograph,  a  domain  structure  is  observed.  The  analysis  of  the  diffraction 
pattern  of  this  area  indicates  that  the  film  is  constructed  by  mainly  the  c- 
domain(c-axis  of  the  film  is  perpendicular  to  the  substrate)  and  small  portion 
of  fl-domain(  c-axis  is  almost  parallel  to  the  substrate)  which  have  a  (101) 
plane  in  common  with  the  matrix.  In  the  PLT  film  dark  periodic  contrasts 
(about  3nm  intervals)  are  observed  at  the  interface  to  the  MgO  substrate, 
indicating  the  existence  of  strong  lattice  distortion  or  strained  layer. 

In  Fig.  2(b)  of  the  high  resolution  image,  the  lattice  image  of  the  film  and 
the  substrate  can  be  clearly  observed.  Although  the  surface  of  the  MgO 
substrate  is  not  flat  and  fairly  irregular,  PLT  film  grew  epitaxially  on  the 
MgO  substrate.  The  connection  of  the  atomic  rows  in  the  [001]  direction 
going  from  the  MgO  substrate  into  the  PLT  film  is  clearly  observed. 


Fig.  2  (a)A  low  magnification  image  of  (<M)1)  Pl.T  (x=().15)on  (l(M))MgO. 


Fig.  2  (b)A  high  re.solution  image  of  the  PLT/MgO  interface. 

Misfit  dislocations  are  observed  in  the  PLT  thin  film  corresponding  to  the 
dark  contrast  of  the  film  mentioned  above.  The  dislocations  are  not  located 
at  the  interface  of  the  film  and  the  substrate  but  in  the  PLT  film  about  2nm 
apart  from  the  surface.  Although  the  lattice  mismatch  between  PLT  and  MgO 
is  very  large  and  about  8%,  the  PLT  seems  to  accommodate  its  crystal  lattice 
to  that  of  MgO. 

Characterization  of  PZT  films 


(001)  oriented  PZT  thin  films  were  obtained  on  the  (100)Pt/MgO 
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l  it;.  3  X-ray  iliffractioii  pallcrii  of  I'ij;.  4  Schcmalical  clravviiig  of  i -a.vis 
Pi?I(x=().H)  deposited  on  (’t/Si07Si.  oriented  P)  I'  thin  film  whieli  have 

polarization  without  poling  treatment. 

substrates.  On  the  ( 1 1 1  )Pt  substrate,  polycrystalline  PZT  films  were  obtained. 
(Ill)  oriented  PZT  films  were  obtained  above  7()0‘‘C.  Reliable  electric  data 
were  not  obtained  for  the  film  deposited  at  such  a  high  substrate  temperature, 
because  of  low  concentration  of  Pb  in  the  films.  The  X-ray  diffraction 
patterns  indicated  that  the  films  were  tetragonal  when  the  zirconium  content, 
X,  in  the  target  was  less  than  (1.45.  When  x  was  greater  than  0.51),  there  was 
no  separation  of  the  hOO  and  001  reflections  on  the  X-ray  diffraction  pattern 
of  the  films  indicating  that  the  tetragonality  was  too  small  to  be  detected  or 
that  the  films  were  rhombohedral. 

Figure  3  shows  the  X-ray  diffraction  pattern  of  a  PZT  thin  film  on 
Pt/SiOVSi  deposited  at  675°C  using  the  target  with  x=().8().  It  is  the  pattern 
of  pofycrystalline  PZT  indicating  the  film  is  single  phase  and  has  a 
f)erovskite  structure,  however  001  reflection  is  relatively  strong. 


Electric  properties  of  PLT  films 

Dielectric  constant,  and  dielectric  loss  factor,  tanb.  were  measured  at 
IkHz  applying  about  25kV/cm  by  a  multifrequency  LCR  meter.  D-E 
hysteresis  loops  were  obtained  by  a  Sawyer-Tower  circuit  with  sinusoidal 
wave  of  lOOHz.  Pyroelectric  coefficient,  y  was  obtained  from  the  temperature 
gradient  of  pyroelectric  current  measured  by  a  pA  meter.  These 
measurements  were  performed  without  a  poling  treatment.  Nevertheless, 
significant  pyroelectric  currents  were  detected  on  all  the  thin  films.  The 
directions  of  currents  were  the  same  in  all  measured  samples  and  from  the 
lower  electrode  on  the  side  of  the  MgO  substrate  to  the  upper  electrode  on 
heating.  Usually,  pyroelectric  currents  cannot  be  ob.served  on  ferroelectric 
polycrystalline  ceramics  and  single  crystal  without  a  poling  treatment.  This 
phenomenon  is  named  "self-polarization"  and  is  shown  schematically  in 
Figure  4. 

Figure  5  shows  and  y  of  PbTiO,  films  as  a  function  of  the  c-axis 
orientation  rate  a.  e^  decreases  and  y  increases  upon  increasing  a.  This 
behavior  can  be  explained  by  the  fact  that  e^  a'-'ng  the  c-axis  is  smaller  than 
that  perpendicular  to  the  c-axis,  and  the  c-axis  is  the  polarization  axis.  The 
film  with  a=().8  shows  an  e^  of  97  and  y  of  2.5x1 0"**C7cm‘K.  e^  is  smaller 
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Fig.  5  Relation  between  pyroelectric 
coefficient  y,  dielectric  con.stant  and 
c-axis  orientation  rate  a. 


Fig.  6  Figure  of  merit  Fv  for  voltage 
responsivity  and  Fm  for  specific 
detectivity  as  a  function  of  composition 

X. 


and  Y  is  larger  than  those  of  PbTiO,ceramics.(£,=19(),  Y=1.8xl0"**C/cm-K) 
and  Y  increased  with  increasing  La.  The  evaluation  of  pyroelectric  materials 
was  carried  out  using  figures  of  merit  Fv(=y/e,Cv)  for  voltage  responsivity 
and  f/w(=Y/Cve  tan6)  for  specific  detectivity  D’,  where  Cv  is  volume  specific 
heat  (=3.2J/cm^K).  Figure  6  shows  the  mean  values  of  figures  of  merit  Fv 
and  Fm  for  PLT  thin  films  with  the  same  thickness  as  a  function  of  La 
content.  The  loss  factor  of  tanS  was  almost  constant  with  the  variation  of  La 
content  and  about  0.006.  The  mean  Fm  shows  a  maximum  at  x=0.1.  These 
results  show  that  the  c-axis  oriented  PLT  thin  films  with  x=0.1  are  a  good 
material  for  pyroelectric  infrared  detectors. 

Electric  properties  of  PZT  films 

Figure  7  shows  e,  of  PZT  thin  films  as  a  function  of  the  target 
composition.  A  peak  of  was  observed  at  the  target  composition  of  x=0.65 
for  the  films  deposited  on  the  Pt/sapphire  substrate.  Chemical  composition 
analysis  showed  that  when  the  target  composition  x  is  0.65,  the  film 
composition  became  0.55.  Therefore,  the  peak  of  in  Fig.  7  corresponds  to 
the  composition  of  the  MPB  exactly. 

On  the  other  hand,  a  peak  of  e^  was  difficult  to  identify  for  the  PZT  films 
deposited  on  Pt/MgO  and  the  value  of  e,  is  small  compared  with  that  on 
Pt/sapphire.  It  is  believed  that  PZT  has  a  large  anisotropy  in  the  dielectric 
constant  as  observed  in  PbTiOj,  i.e.,  e^  along  the  c-axis  is  small  compared 
with  that  perpendicular  to  polarization  axis.  The  PZT  films  on  Pt/MgO 
substrates  were  oriented  in  (001).  The  differences  observed  in  Fig.  7  are, 
therefore,  explained  by  the  anisotropy  of  e^  of  PZT. 

Figure  8  shows  remanent  polarization,  Pr,  and  coercive  field,  Ec,  of  the 
PZT  films  deposited  on  Pt/MgO  as  a  function  of  the  target  composition  at  the 
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Fig.  7  Dielectric  constant  of  PZT  film  Fig.  8  Pr  and  F.c  of  PZT  film  as  a 
as  a  function  of  target  armposition.  function  of  target  composition. 

applied  voltage  of  150kV/cm.  Ec  decreased  and  Pr  increased  with  increasing 
Zr  content.  The  gradual  change  of  Pr  against  the  molar  ratio  of  Zr  in  the 
target  is  observed  except  in  the  region  between  x=0.55  and  x=().65,  where  the 
Pr  changes  abruptly.  The  abrupt  change  in  Fig.  8  represents  the  boundary 
between  the  tetragonal  and  the  rhombohedral  phase.  This  result  indicates  that 
PZT  films  in  the  rhombohedral  region  have  "soft"  ferroelectricity  and  are 
suitable  for  memories.  A  peak  of  Pr  is  observed  at  the  composition  of  MPB 
for  the  PZT  ceramics[14]  and  polycrystalline  thin  films[15].  However,  in  this 
study  a  peak  of  Pr  was  not  observed  at  the  MPB  composition.  This  is  due  to 
the  high  (001)  orientation  of  the  films  and  relatively  low  applied  field  of 
150kV/cm.  Figure  9  shows  typical  D-E  hysteresis  loops  with  x=0.9  and 
x=0.35.  The  PZT  film  with  0.90  showed  Pr  of  46pC/cm‘  and  Ec  of  28kV/cm 
at  the  applied  voltage  (lOOHz)  of  150kV/cm.  These  values  observed  on  films 
with  x=0.90  are  expected  to  easily  satisfy  the  requirement  imposed  by  large 
scale  random  access  memories. 

The  resistance  to  fatigue  of  PZT  films  is  crucial  for  their  application  in 
advanced  RAMs.  As  shown  in  Fig.  10,  bipolar  .stressing  (±10V)  resulted  in 
no  degradation  of  Pr  of  PZT(x=0.8)  film  at  least  up  to  10"  cycles. 

The  most  interesting  thing  of  our  ((K)l)  oriented  PLT  and  PZT  thin  film  is 
that  the  spontaneous  polarization  of  the  films  is  directing  in  the  same 
direction.  Therefore,  pyroelectric  and  piezoelectric  signals  can  be  obtained 
without  poling  treatment.  After  annealing  treatments  at  above  Curie 
temperature  of  those  films,  this  "self-polarization"  nature  was  not  changed. 
The  exact  reason  of  "self-polarization"  have  not  been  revealed.  Some 
researchers  pointed  out  that  it  is  caused  by  the  large  lattice  distortion  due  to 
the  difference  of  the  thermal  expansion  coefficient  between  the  film  and  the 
substrate[16].  It  has  been  reported  that  the  pyroelectric  current  decreased 
with  increasing  substrate  temperature  and  it  changed  the  direction  at  63()°C. 
This  result  indicates  that  the  direction  of  the  polarization  changed  at  this 
substrate  temperature;  e.g.,  below  63()'’C,  polarization  was  pointing  from  the 
lower  electrode  to  the  upper  electrode  as  shown  in  Fig.  4,  however  above 
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(a)  64kV/cm  (b)  55kV/cm 


Fig.  9  D-E  hysteresis  loops  of  PZT  thin  films  (a)  x=l).35  and  (b)x=().9() 

630°C,  it  was  pointing  the  lower  electrode.  Compositional  analysis  of  the 
films  (20nm  thick)  shows  that  Pb/Ti  ratio  in  the  films  decrease  with 
increasing  substrate  temperature.  The.se  facts  imply  that  the  direction  of  the 
polarization  in  the  films  is  strongly  related  to  the  chemical  composition,  that 
is  Pb/Ti  ratio  or  the  atom  species  of  the  first  layer  of  the  films. 

INFRARED  SENSORS 


Several  types  of  single  element  sensors  and  linear  array  sen.sors  were 
fabricated  using  PLT(x=0.1)  thin  films.  For  example,  a  reticulated  linear 
array  sensor  is  illustrated  in  Fig.  11.  This  type  of  array  sensor  has  separated 
PLT  elements(element  size  is  0.15x1mm,  3pm  thickness)  deposited  on  (HK)) 
-oriented  Pt  film(lx25mm,  160nm  thickness)  by  using  a  metal  mask.  The  Pt 
electrode  noncoated  with  the  PLT  was  etched  off  by  Ar  ion  milling.  The 
Ni-Cr  top  electrodes  (  0.1x0.3mm^)  were  evaporated  on  the  PLT  using  metal 
mask.  The  MgO  substrate  under  the  PLT  was  etched  off  by  phosphoric  acid. 
Another  reticulated  sensors,  which  are  coated  and  supported  by  only  the 
polyimide  films  to  the  MgO  were  fabricated.  This  linear  array  and  discrete 
JFET  chips  were  enclo.sed  within  a  pin-grid  package  as  shown  in  Fig.  12. 
Each  read-out  electrode  was  connected  to  each  gate  of  64  FET  chips  by  Au 
wire  bonding.  Si  window  was  prepared. 


J_0 

. 

^  0.9 

h  X0.80 

CL 

PKi  1  n/sio^/si 

±10V 

0  8 

0  10^  io'°  lo”  io'^  io'^ 


number  of  cycles 

Fig.  10  Effect  of  fatigue  on  Pr  under 
bipolar  .stressing  (±10V). 


The  outputs  were  amplified  by  a 
60dB  amplifier  and  measured  by  a 
lock-in  amplifier.  The  cross  talk 
was  measured  by  using  the  radiation 
through  a  slit  from  a  He-Ne  laser. 

Figure  13  shows  Rv  and  D’  of  a 
single  element  of  the  reticulated 
sensor.  D’  increase  with  increasing 
chopping  frequency,  f,  when 
f<50Hz,  because  Rv  almost  saturate 
and  Vn  vary  as  F''.  On  the  other 
hand,  D’  is  proportional  to  f"''- 
when  f>100Hz,  because  Rv  vary  as 
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PLT  thin  film 


Fig.  1 1  Schematical  structural  drawing  of 
the  reticulated  linear  array  sensor. 


Fig.  12  A  photograph  of  the  reticulated 
linear  array  sensor  with  discrete  JFET 
chips  (64  Clements,  5elemcnts/mm) 


f'*  and  Vn  vary  as  f''^.  The  D'  of  this  sensor  is  considerably  large  and 
6xlO''cmHz^^VW  is  attained.  The  reticulated  linear  array  sensor  has  a  very 
low  cross  talk  of  <3%  at  100  Hz  compared  with  that  of  non-reticulate  one 
(20%).  The  fundamental  characteristics  of  the  linear  array  sensor  are 
summarized  in  Table  I.  The  reticulated  sensors  with  the  resolution  of  5 
elements/mm  can  be  constructed  by  the  method  of  using  simple  metal  mask 
process. 

This  type  of  the  sensor  using  PLT  thin  film  with  8  elements  will  be  carried 
on  the  air-conditioner  to  instantly  identify  the  number,  location  and  postures- 
standing  or  sitting  -  of  people  in  a  room,  expecting  the  sensor  will  help  to 
provide  more  adequate  air-conditioning  by  making  the  room  more 
comfortable  for  all  occupants. 

FUTURE  OF  FERROELECTRIC  THIN  FILM 

Oxide  materials  with  perovskite  structure  have  a  number  of  interesting 
properties,  such  as  ferroelectricity,  piezoelectricity,  ferro-  or  ferrimagnetism 
and  high  temperature  superconductivity.  Recently,  the  atomic  layer  growth 
and  the  fabrication  of  artificial  superlattice  of  the  oxide  with  perovskite 
structure  have  been  attained[17].  We  believe  that  multiple  deposition  layers 
of  different  type  of  materials  or  graded  layers  of  the  material  on  an  atomic 
scale  would  open  up  a  new  path  in  the  field  of  materials  science. 

For  this  purpose,  preparation  of  a  high  quality  substrate  surface  is  essential 
to  make  a  film  with  high  crystallinity  and  a  smooth  surface.  Recently,  we 
succeeded  in  the  preparation  of  (KX))  oriented  Pt  thin  film  on  MgO  substrate 
with  high  crystallinity  and  excellent  surface  morphology  by  rf  magnetron 
sputtering.  Figure  14  shows  the  RHEED  pattern  and  SEM  image  of  the 
surface  of  this  film.  These  results  show  that  the  Pt  film  is  a  single  crystal  and 
its  surface  is  atomically  flat.  Thin  film  materials  should  be  investigated  on 
such  well  defined  surfaces. 
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f  (Hz) 

Fig.  13  Frequency  dependence  of  Rv  and 
D  ror  the  reticulated  linear  array  sensor. 


SUMMARY 

g 

^  Thin  films  of  Pb-ba.sed  ferroelectrics 
were  prepared  by  rf  magnetron 
o  sputtering.  These  films  showed  unique 
.  and  excellent  properties  which  are  not 
obtained  on  the  bulk  ceramics.  It  was 
found  that  the  thin  films  show 
remarkably  large  pyroelectric  effect 
without  poling  treatment.  Pyroelectric 
infrared  sensors  were  fabricated  using 
the  PLT  thin  films.  This  type  of  sensor 
is  carried  on  air-conditioners  for 
sensing  of  persons.  This  is  the  first 
report  of  a  thin  ferroelectric  film 
application  to  consumer  appliances. 


The  PZT  thin  films  with  x=().9  showed  a  large  remanent  polarization  of 
46pC/cm^,  small  coercive  force  of  28kV/cm  and  good  endurance  behavior 
(no  degradation  of  Pr  after  10”  cycles).  Recent  activities  of  ferroelectric  thin 
film  research  in  Japan  was  also  reported. 


Table  1 

Characteristics  of  the  reticulated  linear  array  sensor 


Voltage  responsivity  Rv  (at  5()Hz) 
Specific  detectivity  D’(500K,  50Hz,  1  Hz) 
Cross  talk  (at  50Hz) 

Element  density 
Element  number 
Element  size 


36(K)V/W 

5.()xl0«  cmHz”‘/W 
4% 

5  elements/mm 
64  elements 
0.1x0.3mm- 


Fig.  14  (a)RHEED  pattern  and  (b)SEM  image  of  the  newly  developed  (100)  Pt 
thin  film  electrode. 


465 


ACKNOWLEDGEMENT 

The  authors  would  like  to  thank  Mr.  Yoshihiro  Daito  and  Professor 
Yoshichika  Bando  of  Kyoto  University  for  taking  fine  TEM  photographs. 

REFERENCES 

1. M.Okuyama,  T.Usuki,  Y.Hamakawa  and  T.Nakagawa.  Appi.  Phys.,  21.33*}  (1980). 

2. M.Okada,K,Toininaga,T.Araki,S.Katayania  and  Y.Sakashila,  Jpn.  J.  Appl.  Phys.,  20.  718 
(1990). 

3. K.lijima,  YTomita,  T.Takayama  and  l.Ucda,  J.  Appl. Phys.,  60,  361  (1986). 

4. K.lijima,  T.Takayama,  Y.Tomila  and  l.Ucda,  ibid.,60,  2914  (1986). 

5. K.lijima,  l.Ucda  and  K.Kugimiya,  Jpn.  J.  Appl.  Phys.,  30,2149(1991). 

6. R.Takayama  and  Y.Tomila,  J.Appl.  Phys.,  65,1666  (1989). 

7. R.Takayama,  Y.Tomila,  K.lijima  and  l.Ucda.  J.Appl.  Phys..  63.  5868  (1988). 

S.R.Takayama,  Y.Tomila,  K.lijima  and  l.Ucda,  ibid.,  61, 41 1  (1987). 

9.  Ferroelectric  Thin  Films  Mai.  Res.  Soc.  Proc.  243,(Eds.  A.I.Kingon.  E.R.Maycis  and  B.TultIc) 

MRS  (1992). 

10. A.Shirayanagi,  K.Tominaga,  and  M.Okada,  Ext.  Abstracts  the  40th  Spring  Meeting  of  Jpn. 

Soc.  Appl.  Phys.  Tokyo  Japan  (1993),  Vol.2,  p490. 

1 1  .M.Ushikubo,  Y.lto,  T.Kawabe,  H.Matusnaga,  N.Ohtani  and  T.  Takasc,  ibid.,  p444. 

12. T.Mihara,  H.Walanabe  and  C.Paz  dc  Araujo,  ibid.,  p448. 

13. N.Nagao  and  K.  lijima,  ibid.,  p443. 

14. D.A.Berlincourt,  C.Cmouk  and  H.Jaffe,  Proc.  IRE,  48,  220(1960). 

15. K.Sreenivas,  M.Sayer  and  P.Garrell,  Thin  Solid  Film,  251  (1989), 

16. H.Takeuchi  and  K.Kushida,  Proc.  IEEE  7lh  Int.  Symp.  on  Application  of  Fcrroclcctric-s,  pi  15. 

17.  K.lijima,  T.Tcrashima,  Y.Bando,  K  Kamigaw  and  H.Tcrauchi,  J.  Appl.  Phys.,  72.  2840  (1992). 


467 


PZT  THIN  FILMS  ON  A  LEAD  TITANATE 
INTERLAYER  PREPARED  BY  rf  MAGNETRON  SPUTTERING 

P.  H.  Ansari’,  A.  Safari 

Department  of  Ceramic  Engineering,  Rutgers  University,  Piscataway  NJ  08855 

ABSTRACT 

Ferroelectric  lead  zirconate  titanate  (PZT)  films  with  a  composition  near  the 
morphotropic  phase  boundary  have  been  deposited  by  rf  magnetron  sputtering  on  a  Si 
substrate  coated  with  silicon  oxide,  titanium,  and  platinum  (Si/SiO,/Ti/Pt).  Substrate 
temperature  and  oxygen  partial  pressure  were  changed  during  deposition  to  prepare  films 
with  controlled  stoichiometry  and  perovskite  structure.  The  effects  of  lead  titanate  (PT) 
as  a  buffer  layer  were  investigated.  Thin  films  of  PT/PZT  have  -t  dielectric  constant  of 
800  with  a  dissipation  factor  of  0.04  at  1  kHz.  The  remnant  polarization  of  HfiC/cm'  and 
the  coercive  field  of  50  kV/cm  were  measured.  The  effect  of  processing  on  the  formation 
of  perovskite  phase  and  the  electrical  properties  will  be  discussed. 

INTRODUCTION 

Ferroelectric  thin  films,  due  to  their  display  of  a  spontaneous  electrical  polarization 
that  can  be  switched  between  two  stable  stales,  are  of  considerable  interest  in  fabricating 
a  ferroelectric  memory  device  '  Such  devices  would  require  a  ferroelectric  material  with 
good  endurance  ( 1()‘"-10'''  cycles)  and  retention  (1-10  years),  fast  switching  polarization 
of  at  least  5  //C/cm’  and  a  switching  voltage  capability  ranging  between  3  and  5  volts. 
These  operating  conditions  demand  a  high  quality  ferroelectric  film  with  low  coercive 
field,  high  remanent  polarization  and  minimal  aging  and  fatigue.  Lead  zirconaie-titanate 
(PZT)  thin  film  is  a  prime  candidate  for  memory  applications. 

Thin  films  of  PZT  have  been  prepared  by  several  deposition  methods  including 
sputtering  sol-gel  and  pulsed  laser  deposition  Several  review  papers  on 
comparing  various  features  of  common  deposition  techniques  of  ferroelectric  materials 
can  be  found  in  the  literature  ".  In  the  present  work,  rf  magnetron  sputtering  has  been 
used,  a  method  that  is  compatible  with  conventional  semiconductor  processing  such  as 
CMOS,  and  offers  good  control  of  the  deposition  parameters  and  the  stoichiometry  of 
the  film. 

In  this  work  the  deposition  parameters  such  as  the  target-to-substrate  distance  and  the 
sputtering  power  were  optimized  to  grow  PZT  films  on  a  Si-based  multilayer  substrate. 
The  effects  of  a  lead  titanate  (PT)  layer  on  the  formation  of  the  perovskite  phase  were 
investigated  extensively.  Such  intermediate  layers  were  found  to  minimize  the  substrate 
dependencies  of  the  crystallization  of  PZT  thin  films.  PZT  films  deposited  directly  on 
the  Si-based  substrate  (i.e.  with  no  intermediate  PT  layer)  showed  a  great  tendency  for 
electric  short,  whether  or  not  the  .-.ubstrate  had  been  annealed  prior  to  growth.  The 
perovskite  phase  formation  and  the  electrical  properties  of  the  PT/PZT  composite  thin 
films  are  presented. 

EXPERIMENTAL 

A  Sputtered  Film  Inc.  rf  magnetron  sputtering  machine  was  used  to  deposit  thin  films 
of  PT  and  PZT  on  a  multilayer  substrate.  The  system  was  equipped  with  a  Balzers  turbo 
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molecular  pump  allowing  film  growth  in  a  100%  oxygen  environment,  and  an  Angstrom 
Sciences  sputtering  gun,  permitting  the  use  of  cold  pressed  powders  as  targets. 

PbZr„jjTio4,0,  films  were  prepared  using  targets  made  from  a  commercially 
synthesized  powder  (PZT  501A)  manufactured  by  Ultrasonic  Powders  Inc.  PT  films  were 
deposited  using  a  PbTiOj  powder  made  by  conventional  solid  solution  technique,  i.e.  by 
mixing  the  TiOj  and  PbO  powders  and  calcining  at  850"C.  Additional  10  wt%  excess 
PbO  was  added  to  both  the  PZT  powder  and  the  PT  powder  prior  to  target  preparation. 
Excess  PbO  in  the  starting  material  compensates  the  PbO  los.ses  during  the  sputtering 
procedure,  allowing  the  deposition  of  stoichiometric  films.  Target  materials  were  cold 
pressed  onto  a  shallow  grooved  metallic  dish  to  a  thickness  of  about  0.3  cm  and  a 


diameter  of  5.1  cm. 

A  (100)  oriented  Si  wafer 
coated  with  silicon  oxide,  titanium 
and  platinum  (SiO,/Ti/Pt)  was 
used  as  a  substrate.  The  Ti  layer 
improves  the  adhesion  of  the  Pt- 
electrode  on  SiO,.  The  multilayer 
substrates  were  thoroughly 
cleaned  before  they  were  placed 
onto  a  holder  facing  a  target  at 
an  optimized  distance  of  5  cm.  A 
heating  element  clamped  to  the 
holder  allowed  the  substrate 
reaching  a  temperature  up  to 
TSO^C.  All  depositions  were 
preceded  by  a  pre-sputtering 
period  of  at  least  30  minutes. 
Films  of  PT  and  PZT  were 
reactively  deposited  both  at  room 
temperature  and  in  situ  up  to 
650°C  according  to  the  flow  chart 
given  in  Fig.  1.  Most  films  were 
grown  in  a  100%  oxygen  medium, 
whereas,  others  were  deposited  in 
either  Ar  only  or  a  mixture  of 
Ar/Oj.  The  sputtering  conditions 
of  fT  and  PZT  thin  films  are 
given  in  Table  I, 


characttizstion/ 

measurement 


Fig.  1  Deposition  flow  chart. 


RESULTS  AND  DISCUSSIONS 


PZT  films  were  prepared  at  both  room  temperature  (i.e.  without  heating  the 
substrate)  and  higher  temperatures  between  450“C  and  650"C.  The  crystal  structure  of 
the  sputtered  films  were  observed  to  depend  on  the  substrate  temperature.  While,  PZT 
films  prepared  at  low  substrate  temperatures  were  amorphous,  those  deposited  at 
temperatures  between  450°C  and  600°C  displayed  a  mixture  of  perovskite  and  pyrochlore 
phase.  Films  prepared  at  temperatures  higher  than  600°C  showed  a  single  phase 
perovskite  structure.  Films  with  amorphous  structure  required  a  heat  treatment  in  order 
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Table  I  The  sputtering  parameters. 


Parameters 

PT  Films 

PZT  Films 

rf  Power 

no  w 

50-110  W 

Target 

Cold  Pressed 
Powder 

Cold  Pressed 

Powder 

Target  Diameter 

5. 1  cm 

5.1  cm 

Target-Sub, 

Distance 

5  cm 

5  cm 

Gas  Flow 

0,;  2-5  seem 

Ar:  2  seem 

O,:  2-12  seem 

Ar:  6-10  seem  ! 

Gas  Pressure 

14-30  mlorr 

14-120  mtorr 

Substrate  Temp. 

up  to  625'’C 

up  to  650“C 

Deposition 

1  Rate 

15-20  A/min 

15-20  A/min 

to  transform  their  structure  into  a  perovskite  phase.  This  was  achieved  by  rapid  thermal 
processing  (RTT)  as  well  as  the  conventional  annealing  method.  RTF  at  blMf’C  for  up  to 
20  seconds  and  conventional  annealing  at  .‘'00'’C  for  up  to  one  hour  were  examined. 

Room  temperature  deposited  PZT  films  (with  no  FT  layer)  annealed  at  blKf’C  for  (a) 
30  minutes  and  (b)  20  seconds  are  compared  in  Fig.  2.  While  both  patterns  represent 
single  phase  perovskite  structure,  the  annealed  film  displays  an  XRD  pattern  with  peaks 
that  are  slightly  shifted  to  the  lower  2-theta  values  and  are  less  intense  than  those 
annealed  for  a  longer  time.  Shift  of  the  XRD  lines  in  Fig.  2  maybe  due  to  stress  in  the 
film  studied. 

Single  phase  perovskite  structure  is  also  obtained  when  FZT  films  are  deposited  on 
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PT  layers  at  room  temperature  and  subsequently  annealed  at  61X)"C  for  30  minutes.  In 
Fig.  3,  a  typical  XRD  pattern  of  a  PZT  film  deposited  on  an  annealed  PT  layer  is 
compared  to  that  of  a  film  deposited  on  a  PT  layer  with  no  prior  heat  treatment.  While 
the  two  films  demonstrate  essentially  identical  XRD  patterns,  PZT  deposited  on  an 
annealed  PT  layer  di.splays  a  more  intense  pattern  than  that  deposited  on  a  not  heat 
treated  PT  layer. 


Fig.  3  PZT  films  deposited  on  (a)  an  annealed  PT  layer  and  (b)  a  not  heat 
treated  PT  layer. 

Fig.  4  di.splays  the  XRD  patterns  of  two  PT/PZT  composite  films  with  PT  films  grown 
at  room  temperature  followed  by  (a)  no  further  heat  treatment,  and  (b)  annealed  at 
600‘’C  for  30  minutes,  prior  to  the  in-situ  deposition  of  PZT  at  bOlfC.  Both  patterns 
display  single  phase  perovskite  structure.  However,  the  XRD  peaks  for  the  PZT  films 
deposited  on  not-heat  treated  PT  layers  are  found  to  be  more  intense  than  those  grown 
on  annealed  PT  layers.  In  addition,  the  XRD  peaks  for  Pt  (the  bottom  electrode)  are 
more  intense  for  the  PZT  films  deposited  on  annealed  PT  layers.  This  maybe  due  to  the 
partial  diffusion  of  Pt  in  the  PT  buffer  layer  due  to  excessive  heating.  Therefore,  for 
application  purposes  one  would  prefer  to  grow  PZT  on  a  as  grown  PT  layer  than 
annealed  PT  films. 

In  all  films  prepared,  the  (110)  diffraction  peak  is  the  main  XRD  peak  of  the 
perovskite  PZT,  which  corresponds  to  a  lattice  distance  d^,,,  =  4.036  A.  This  peak  was 
used  to  estimate  the  PZT  grain  size  using  Cauchy  and  P  .eudo-Voight  models.  The  grain 
size  of  in-situ  deposited  PZT  films  at  600'’C  is  averaged  at  60nm.  This  estimate  is  in  line 
with  the  findings  of  other  scholars  who  had  used  no  buffer  layer 

The  microstructure  of  thin  films  was  examined  using  the  scanning  electron  microscopy 
(SEM).  The  films  are  generally  crack-free  and  have  a  smooth  surface  feature  (not  shown 
here).  Some  very  small  dark  dots  on  otherwise  bright  backgrounds  were  observed  on 
some  PZT  films.  The  elemental  analysis  of  both  regions  revealed  no  obvious  differences. 

When  PZT  films  were  deposited  directly  on  Pt-elecirodes  they  showed  a  great 
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TWO  THETA  (DEGREES) 


Fig.  4  In-situ  deposited  PZT  films  on  (a)  a  not  heat  treated  PT  layer  and  (b)  an 
annealed  PT  layer. 

tendency  for  electric  short,  whether  or  not  the  substrate  had  been  heated  prior  togrou  ih. 
Observations  of  similar  nature  are  also  found  in  the  literature 

To  minimize  the  electric  short,  a  PT  buffer  layer  was  deposited  on  Pt-electrode.  PT 
as  a  buffer  layer  is  a  preferred  material  since  it  crystallizes  into  the  perovskite  phase  with 
a  lattice  constant  similar  to  that  of  PZT.  The  effective  role  of  PT  as  an  interlayer  in 
growth  of  PLZT  by  sol-gel  has  been  reported  Interlayers  have  been  found  to  minimize 
the  substrate  dependencies  of  the  crystallization  of  PZT  thin  films.  However,  it  is  found 
to  be  necessary  to  minimize  the  buffer  layer  .since  its  thickness  affects  the  film  properties 
such  as  polarization  and  permittivity.  We  u.se  a  PT  layer  of  a  thickne.ss,  minimized  at 
about  3()0  A.  However,  the  electrical  properties  of  thin  films  like  capacitance,  dielectric 
constant,  and  polarization  are  inevitably  influenced  by  thin  films  of  PT. 

In  our  study,  Pt  as  top  electrode  was  sputtered  onto  the  films  and  together  with  the 
bottom  electrode,  they  sandwiched  the  ferroelectric  thin  films  forming  a  capacitor  cell. 
Here,  PZT  films  are  between  2000  A  to  5000  A  thick. 

At  1  kHz,  the  capacitance  of  the  composite  films  was  found  to  be  at  least  .3  nF,  and 
the  dielectric  constant  was  measured  to  vary  in  the  range  of  750-990  at  room  temperature 
with  an  averaged  dissipation  factor  of  0.04. 

A  Sawyer-Tower  circuit  was  used  to  measure  the  ferroelectric  properties  of  the 
sputtered  films.  Hysteresis  loops  such  as  that  shown  in  Fig.  5  are  obtained  at  a  driving 
frequency  of  100  Hz.  Remanent  polarizations  of  up  to  10  fiC/cm'  and  coercive  field  of 
about  50  kV/cm  were  measured.  The  hysteresis  loops  are  asymmetric  due  to  an  internal 
bias  field.  Such  fields  are  found  to  be  about  4  kV/cm. 

CONCLUSION 


In  this  work,  the  feasibility  of  growing  high  quality  films  of  PZT  on  Si  has  been 
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Fig.  5  A  typical  hysteresis  loop  for  the  PT/PZT  composite  films. 

demonstrated  using  PT  buffer  layers.  These  films  display  high  dielectric  constants  and 
remanent  polarizations  which  make  them  very  attractive  for  integrated  Si  non-volatile 
memories. 
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ULTRA-THIN  SPUn  ERED  PZT  FILMS  FOR  ULSI  URAMi^ 
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ABSTRACT 

In  this  work,  a  high-temperature  deposition  technique  has  been  developed  lor  ultra-thin 
sputtered  PZT  films  for  ULSI  DRAM  (>256Mb)  storage  capacitor  applications.  In  contrast  to 
the  previously  developed  low -temperature  (2(X)“C)  deposition,  deposition  at  high-temperature 
|40(CC)  yields  a  desirable  reduction  in  grain  size  of  the  perovskile  phase  The  thickness  of 
PZT  films  has  been  reduced  to  less  than  .Wnm  with  high  charge  storage  density  t-fOpC/cm-) 
and  low  leakage  current  density  An  optimized  65nm  PZT  thin  film  was  found  to  have  an 
equivalent  SiOi  thickness  of  1  .dA  .  d  a  leakage  current  density  of  less  than  10  ^  A/cm-  under 
2V  operation. 


INTRODUCTION 

As  the  area  of  a  dynamic  random  access  memory  (DRAMi  cell  keeps  decreasing, 
complicated  capacitor  cell  technologies  tirench.  stack  or  rugged-stack)  have  been  developed 
to  meet  the  required  charge  storage  density!  1 .  2|.  .Materials  with  very  high  dielectric 
consiants  allow  for  a  reduction  in  device  art  i  permitting  a  higher  level  of  integration  with 
satisfactory  requirements,  and  avoid  having  to  scale  down  conventional  SiOy  thickness  to 
extremely  low  values.  Therefore,  there  is  a  strong  need  for  alternative  dielectric  materials  for 
ULSI  DRAM  cells,  and  ferroelectric  thin  films,  such  as  PZT  iPb(Zr.Ti)Ot).  are  potential 
candidates  for  next  generation  memory  cells.  An  ability  to  scale  dow  n  the  thickness  while 
maintaining  high  dielectric  constants  for  these  materials  has  a  twofold  advantage  :  thinner 
films  will,  in  general,  require  lower  operating  voltages  for  the  same  performance,  thereby 
allowing  a  reduction  in  power  supply  voltages  and  power  consumption.  Secondly,  thinner 
dielectrics  will  simplify  the  conformal  deposition  oi  passivation  layers  by  avoiding  large  non¬ 
planarities  on  the  chip. 

In  previous  work,  we  have  optimized  a  low -temperature  deposition  technique  lat  20()  C), 
which  is  followed  by  a  high-temperature  -  b(KV'C)  crystallization  of  the  perovskile 

pha.se  in  order  to  obtain  large  charge  storage  densities  QV  l.f.  4j.  Note  that  the  crystallization 
temperature  of  .“i-iO’C  is  relatively  low  in  comparison  to  other  PZT  processes,  (dne 
disadvantage  with  large  grain  size  (.JOpm)  may  cause  potential  on-chip  Q\.  non-uniformilies 
(ceITto-cell  variation  in  Q,.  might  actually  not  be  a  severe  problem  as  long  as  each  cell 
maintains  a  minimum  Q'^  ).  Thus  the  mam  impetus  for  high-lemperalure  deposition  is  a 
reduction  in  grain  size,  which  also  results  in  a  drop  in  the  perovskile  grain  size.  As  is 
discussed  below,  it  also  becomes  possible  to  simultaneously  scale  the  thickness  dow  n  to  less 
than  .700A.  Material  and  electrical  characteristics  of  the  ultra-thin  Elms  are  reported 

EXPERIMENTAL  DETAILS 


Test  devices  used  in  this  study  were  mclal-insulalor-melal  capacitors  (with  a  platinum 
electrode  thickness  of  4000A)  fabricated  on  TiOy/.SiOs/Si  multi-layered  substrates.  The  PZT 
films  were  deposited  by  reactive  DC-magnetron  spullering  from  a  multi  component  Pb/Zr/Ti 
metal  target  (PZT  target)  in  a  pure  oxygen  ambient.  The  PZT  metal  target  was  designed  to 

[Til 

provide  a  compositional  ratio  of  , Pb  content  in  the  films  was  adiusted  bv 
'  (TiHIZr) 

sputtering  simultaneously  from  a  separate  Pb  target.  This  was  used  to  compensate  for  the  Pb 
lost  during  deposition  and  annealing  j.fl.  With  PZT  gun  power  of  ,J()W.  the  composition;!' 


ratio  was  0.95.  1.04.  I.IOand  1. 15  for  Pb  compensation  powers  of  yw,  I2W.  I5W 

lTi|-)-[Zrl 

and  I7W  respectively  after  550°C  crystallization  in  a  nitrogen  ambient.  In  this  study,  the  PZT 
film  was  annealed  at  various  temperatures.  Annealing  lime  and  ambient  were  fixed  at  I  hr 
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Thickni*ss=650A 
Deposited  (<*  4tK) 


l  i>'urc  I  AI  S  depth  prolile  »!  a  P7  \  tilm  dcpuMled  at  4(M)  C'  and  annealed  at  .■'7p  C  I'/T 
and  Pb  ;enn  powers  were  3(tW  and  dW.  respeeti\ely.  Approximate  spnlienne  rale  is  30A/nnn 

and  pure  nitrogen.  Devices  with  dilTeK.ii  thiekncsses  were  obtained  b>  varying  deposition 
limes.  The  top  electrode  (area  =  S7xS"um7i  was  patterned  using  a  lill-olT  proex-ss, 

A  ptilsed-polari/ation  test  iwith  triangular  puhesi  generated  using  the  R  IbhA  tester  was 
used  to  measure  charge-storage  density  l.^i.  l.eakage  current  measurements  were  made  on  an 
HP  4|4()B  pico-amnieler  interlaced  to  an  HP  computer.  A  lencor  .Alpha-step  prolilometei 
was  used  to  measure  thickness  altei  selective-area  elehing.  Compositional  analysis  was  done 
tisitit;  a  Physical  Eilectronics  Scanning  Auger  Mieroprobe  with  a  single-pass  cv  lintlrical  niirroi 
inarv/er-  eomposiiion  was  calculated  bv  multiplying  the  peak-to-peak  height  ol  each 
component  by  an  appropriate  weight -laclor  l.'|.  Phase -comen I  was  analv/ed  iwing  a  Jtm/nig 
iiniiio  X-ra>  dittriKUmictcr.  NotnarsKi  phase -coiurast  tnicroseopy  tor  the  niicrosinicuiial 
analysis  ol' the  films  was  perlornted  on  an  Olympus  BEI-T  microscope. 

RK.SI  I  TS  AND  DISCI  SSIONS 

In  our  previous  attempt  to  scale  down  the  film  ihiekness  using  low  teniperaiure  i  200  t  ) 
spuiter-deposilion.  anomalous  phase  iranslornialion  at  the  interlace  between  the  P/,4  and 
bolloni  Pi  electrode  was  observed.  This  resulted  in  diminished  charge  storage  densities  lor 


(Ai  iBi 


I  mure  2.  Nomarski  piclures  for  opimii/ed  MUMIA  P/.T  films  deposited  at  (al  2(K)  C  and  ibi 
400 C,  Both  weie  annealed  at  .37.“'  C. 


itic  oporaling  \ollagc  in  liliiis  ihinnor  ihan  35(H)A.  Ihis  wa'.  Jin.-  l.i  a  lnu  ii n 

consiani  inlcilai-ial  laye'i  aiisini;  Iroiii  '.ignilicanl  i1iHuNioii  ol  I’b  iniii  ihc  hininiii  I'l  |l>.  7| 
t'arcliil  Limtrol  of  f’b  compcnsatiim  Lluiini!  ilcpiisiiion  and  anncaliiii:  icMills  in  p.inil  nlcili  k  al 
I. ha^actcn^Ul:s  in  tilin',  as  thin  as  IIMMtA  |41.  However,  a  .MtOA  ihiek  inleilaeial  layer  is  sull 
observed  in  these  tiliiis  using  eross-seetional  TI-.M  It  is  ditlieiilt  to  seale  down  iliiekiu-ss 
beyond  lOOnm  with  the  low  temperature  deposition  ieehiiit)iie.  On  the  other  hand,  the 
tdrmation  ot  a  relalnelj  Ihiek  interlase  layer  in  the  P/.T  I'ilni  deposited  at  high  lemperatiife 
(4(10  Cl  IS  apparenth  a\oided.  I  igure  I  depiels  the  eoneeniralion  oT  each  eleinenl  .is  .1 
lunetion  ol  sputtering  nine  Iroin  a  b.^OA  ihiek  P/.T  lilin  deposited  at  4(K)  C  anil  stibsequeiuk 
.nine. lied  at  Note  that  the  range  ol  interdiHusion  between  IVI  and  Pi  is  iiuieii 

narrower  than  pre\  ionsly  reported.  I'he  thinner  intertaee  layer  helps  avoid  a  senes  e.ip.ieiioi 
.mil  results  m  .1  high  eharge  storage  density  lor  the  650.\  tlnek  PZI  lilnts.  I'oi  tiliiis  ihiiiiiei 
than  .h)(),-\.  siginrieant  Pb  depletion  is  observed  due  to  ditfusion  into  die  Pi  snbstr.ile 

Another  problem  with  low  teniperalure  spulter-deposiiion  is  the  inevitable  evolution  ol 
large  si/ed  perovskile  grains  eoininonly  reported  in  P/.T  thin  lihiis  |  t.  4.  S|.  .A  large  gram 
si/e  is  believed  to  possibly  lead  to  eell-lo-eell  non  iinilornniy  on  the  gigabit  DK.AM  einp. 
where  the  storage  eapaeitor  area  is  e.Kpeeted  to  be  as  small  as  0.2pin-.  I  ignre  2lal  shows 
rosettes  as  large  as  ,d)pin  erysialli/ed  alter  annealing  a  rihn  deposited  at  a  low  lemperaiure 
Figure  2(b)  shows  the  relatively  smooth  surhiee  of  a  film  sputtered  .it  high  (enipeialnre  vvlneh 
has  a  grain  si/e  sm.iller  than  lOOO.A  tthis  is  eonlirnied  by  .StMi.  In  the  low  temper.iinie 
deposition  ease,  the  as-deposiied  tilm  is  a  mixture  of  amorphous  and  pyroelilore  ph.ises. 
Post-deposition  erysialli/alion  annealing  involves  two  steps  of  phase  iranslorniaiion:  lirst 
from  amorphous  to  pyroehlore  phase  and  subsequently  to  the  perovskile  phase.  I  he 
pymehlore  phase  thus  prov  ides  potential  nucleaiion  sites  for  the  (vrovsktte  phase  fonnatioii|d. 
It)),  In  eompansoii  with  low  temperature  deposited  films,  more  ntielealion  sites  exist  in  those 
deposited  at  high-temperatures.  A  large  number  of  nuelei  lead  to  a  small  gram  si/e  after 
phase  transfontuition  annealing. 

The  films  used  in  this  study  were  deposited  at  fairly  low  deposition  rates;  the  deposition 
rale  is  easily  inereased  by  inereasing  the  power  to  the  magnetron  gun  that  houses  the  PZT 
target.  Figure  ,1  shows  a  eoropansnn  of  effeelive  dieleelrie  eonstanis  of  films  sputteied  at 
high  t.'iOW)  and  low  (.f()\V|  powers.  Deposition  rales  for  the  low  and  high  power  techniques 
are  2.7A/min  and  7.I.A/miii.  respectively.  Further,  for  each  P/.'F  power  the  le.id- 
compensation  power  (i.c.  the  power  supplied  to  the  gun  eonlain.ng  the  metallic  lead  target) 
was  optimi/ed.  Pb  concenlratioii  in  the  PZT  films  is  a  critical  parameter  which  determines 
not  only  material  but  electrical  characteristics  as  well  1 1  1 1.  The  effective  dielectric  coiisi.nii  is 


Oepnsitcd  at  4(I0'C 
Anealed  at  550'C 


Figure  4.  Fffective  dielectric  eonstant  as  a  function  of  a  Pb-conipensalion  power  with 
different  PZ'F  powers  Frffeclive  dielectric  constants  are  obtained  by  applying  large  signal 
1 OV  to  .4 V )  pulses. 
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PZT=30W,  Dep.Temp=400“C 


Figure  4.  Charge  storage  density  as  a  function  of  annealing  temperature  for  various  Pb- 
eompensation  powers.  Film  thickness  is  650A. 

obtained  using  a  large  signal  pulse  (from  OV  to  -4V),  in  order  to  simulate  DRAM  operation  as 
closely  as  possible.  Charge  storage  density  (and  hence  the  effective  dielectric  constant)  for 
films  with  a  PZT  power  of  SOW  exhibits  a  single  peak  at  15W  lead  compensation  (near 
stoichiometric  PZT  composition,  as  evident  from  AES)  while  the  lower  PZT  power  yields  the 
highest  charge  storage  density  of  SlpC/cm^  with  9W  lead  compensation.  Unfortunately,  due 
to  plasma  stability  issues,  9W  is  the  lowest  practical  Pb  gun  power.  It  was  observed  that 
while  both  PZT  gun  powers  achieved  nearly  identical  effective  dielectric  constants  at  a  near- 
stoichiometric  composition,  the  lower  power  yields  a  lower  leakage  current  density  (Jj  ). 
Figure  4  shows  the  variation  of  charge  storage  density  as  a  function  of  annealing  temperature 
for  different  Pb-compensation  levels  (for  the  low  PZT  gun  power).  9W  compensation  yields 
the  highest  Q\;.  The  abrupt  increase  in  Q'c  with  increasing  anneal-temperature  for  low  Pb 
compensation  is  understood  to  be  due  to  the  onset  of  phase  transformation.  Since  the  phase 
transformation  temperature  window  is  very  narrow  due  to  the  low  thickness.  Q'c  does  not 
increase  beyond  a  certain  critical  annealing  temperature  and  instead  saturates  (for  all  Pb 
compensation  levels),  as  also  reported  in  [6).  For  higher  Pb  compensation  powers,  the  as- 
deposited  films  exhibit  fairly  high  charge  storage  densities.  This  is  possibly  because  a  high 


Figure  5.  Comparison  of  effective  SiO?  thickness  as  a  function  of  dielectric  film  thickness 
between  different  materials  and  deposition  techniques. 
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PZT=30W,  Pb=»W 


Figure  6.  2\  DRAM  operation  on  650A  PZT  films  deposited  at  400°C  with  PZT  and  Pb 
powers  of  30W  and  9W  respectively. 


Pb  concentration  (for  15W  and  I7W,  4-,=  M  &  1.15  respectively)  enhances  phase 

lTi|+(Zr| 

transformation  such  that  the  perovskite  phase  is  obtained  at  lower  annealing  temperature.  It 
must  be  noted  that  the  leakage  current  density  increased  significantly  with  the  Pb 
compensation  level  (possibly  due  to  segregation  of  extra  metallic  Pb  and  PbO  in  grain- 
boundaries),  thereby  diminishing  the  usefulness  of  as-deposited  perovskite  films  (Figure  4). 

Figure  5  shows  the  variation  of  effective  SiOi  thickness  as  a  function  of  film  thickness 
for  very  thin  films  of  two  dielectric  materials  obtained  from  various  deposition  techniques 
(calculated  from  ref.  [4.  12  and  13]  ),  An  optimized  low-temperature  sputter-deposited 
ICKWA  PZT  film  has  an  equivalent  Si02  thickness  of  4.7A  [4)  while  Moazzami.  el  al.  have 
reported  sol-gel  derived  PZT  films  of  700A  with  an  equivalent  SiOs  thickness  of  2. 1 A  for 
0.75V  operation  ( 12],  A  loOOA  BST  ((Ba-SrlTiOj)  film  equivalent  to  1 3A  of  Si02  has  been 
reported  recently  (13].  In  comparison,  an  optimized  650A  thick  sputtered  PZT  film  deposited 
at  a  high  temperature  is  equivalent  to  1.9A  of  SiOz.  with  a  leakage  current  density  of  less  than 
lO'^A/cm*  for  2V  operation.  Furthermore,  the  270A  film  exhibits  a  value  close  to  that  of  the 


Figure  7.  Fatigue  behavior  of  a  650A  PZT  film  (PZT=30W,  Pb=9W)  under  unipolar  stress 
(OV  to  -2V)  to  10' '  cycles.  IMHz  square  pulses  were  used. 
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tllm.  Ihis  iii\pliL-\  ihat  ellVclive  liicWtiric  conMam  ciecrcascs  a\  ihc  liliii  thickriL-ss 
isrcdiiccd  ll  IS  (ibscrvcd  h\  Al;S  (hal  In  ihc  270, A  Mini  ihcrc  is  sfverc  dcplL’Miin  ol  I’M  iiL-ai  ihc 
nucrtacc  houvccn  PZ  T  ansi  ttic  Uutom  Pi  cIctlriKlc  On  the  inhcr  hand,  the  Pb  Liineemraiinn 
IS  unltorni  Ihroughoiii  Ihc  b.'sO.A  PZ  l'  film  The  anomalous  interlace  in  the  27I),A  Mini  iiui>  .ici 
as  a  senes  capacitor  and  thereby  reduce  the  ell'ective  dielectric  constant  hven  thoinjh  sc.iline 
doun  the  thickness  to  less  than  .MlOA  causes  a  reduction  in  dielectric  constant,  the  cIkiil'c 
storage  density  (Q\^^=.OpC7cin-|  and  leakage  current  densits  iless  than  10 '’.A/cm-  at  2\  i 
sallst'y  rer)uirenients  ol  d.’ibMb  DR.AMs. 

Leakage  current  density  and  charge  storage  density  ot  Mims  deposited  vsiih  .'0\k  P/1  .ind 
d\V  Pb  gitn  poncr  under  2V  DRAM  operation  are  shoun  in  1  igurc  b  as  a  lunction  ot 
annealing  Icmperaittre.  As  annealing  temperature  increases,  leakage  current  stcnsiiy  rises 
steeply .  possibly  due  to  thermal  stress  Ix'luecn  P/.T  Mini  and  hiMlom  electrode  Pt  |  U|.  I  luis 
nhen  leakage  current  density  is  taken  into  account,  an  annealing  iciiipeiature  ot  .^50  C  is 
optiiiuim  under  2V'  operation  IQV  =  .^7(j(7cni-  and  J|  =  4,s IOT’a/ciii- i.  [•igurc  7  shous  the 
t'atigtie-hehavior  tinder  unipolar  stress  lor  the  650A  Mini.  I'nipolar  latigue  testing  tO  to  -dV  . 
IMH/I  to  K)!  I  cycles  indicates  signilicant  degradation  ol  lor  the  negative  test  polarity 
and  an  increase  in  the  positive  Q^..  This  was  seen  to  be  related  to  hysteresis  relasation  as  well 
as  the  reduction  in  /ero-\iiltage  relaxation  lllsl. 

.SI  M.MARV  AM)  CONtTT  .SIOVS 

.A  high  tciiiperaitire  deposition  technique  has  been  developcrl  lor  tiltrathin  sputtered  P/l 
I'iltiis  with  very  low  equivalent  .SiOy  thicknesses  (-2.AI.  An  increase  in  deposition 
temperature  I'rom  200  ('  to  40(TC'  leads  to  a  rediiciion  in  grain  si/e.  which  in  turn  might 
improve  the  cell-lo-cell  uniforiiiity  ot  thin  Mini  device  characteristics.  PZT  Minis  with 
thicknesses  of  less  than  .MHIA  show  high  charge  storage  density  i-.'OpC/cm-)  and  low  leakage 
current  density  (<IO''’A/cm-l.  Fatigue  endurance  to  unipolar  pulses  needs  tti  he  improved 
before  the  films  can  be  used  in  I'L.SI  DRAMs. 
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ABSTRACT 

We  have  investigated  the  ablated  flux  characteristics  of  PbZrxTii-x03  as  a  function 
of  deposition  process  parameters.  The  ablation-deposition  rate,  angular  distribution,  and  type 
of  ablated  species  are  all  affected  by  the  oxygen  gas  pressure.  Visually,  a  change  in  the  shape 
and  color  of  the  ablation  plume  are  evident  upon  adding  oxygen  gas.  The  ablated  flux 
distribution  narrows  as  the  oxygen  pressure  is  increased,  from  a  cos^'^O  distribution  in  a  low 
gas  pressure,  up  to  a  cos26O0  distribution  at  an  oxygen  pressure  of  300  mTorr.  This 
narrowing,  or  focusing,  of  the  ablated  plume  also  results  in  an  increased  deposition  rate  along 
the  plume  centerline  for  high  laser  power.  However,  at  low  laser  power  the  deptisition  rale 
decreases  as  the  pressure  is  increased,  due  to  gas  scattering  effects.  The  energy  of  depositing 
species  and  the  ratio  of  deposition  flux  to  O2  flux  will  then  be  very  different  in  each  of  these 
two  regimes.  The  species  in  the  plume  have  been  examined  using  optical  emission 
spectroscopy.  We  have  found  that  mostly  atomic  species  are  present,  but  the  ratio  of  ions  to 
neutrals  is  very  different  for  the  Pb,  Zr,  and  Ti  atoms.  Therefore,  the  application  of  electric 
fields  near  the  substrate  would  affect  the  film  composition  to  some  degree. 


INTRODUCTION 

Pulsed  laser  ablation-deposition  (PLAD)  has  been  shown  by  many  researchers  to  be  a 
useful  technique  for  depositing  epitaxial  films  of  multicomponent  materials.  Recent  reports 
suggest  that  epitaxial  films  of  PbZrxTii.x03  (PZT)  deposited  using  PLAD  show  little  loss  of 
remnant  polarization  after  10*0  switching  cycles'.  This  indicates  that  epitaxial  films  may  be 
desirable  to  meet  the  operational  goals  envisioned  for  ferroelectric  RAM  devices.  However, 
there  are  many  aspects  of  the  PLAD  process  that  are  not  completely  understood,  or  have  not 
been  thoroughly  studied.  Understanding  the  deposition  process  for  PZT  film  growth  is 
important  in  order  to  minimize  Pb  loss  during  film  growth,  eliminate  formation  of  pyrochlore 
phases,  eliminate  surface  particulates,  and  control  the  film  microstructure.  Knowledge  and 
control  of  the  ablated  flux  distribution  is  also  important  for  scale-up  to  larger  substrate  areas. 

Numerous  studies  of  the  pulsed  laser  ablation  process  have  been  performed.^  " 
although  most  studies  have  concentrated  on  the  ablation  of  YBa2Cu307-6  IRefs.  4-71. 
Studies  of  PZT  ablation  have  focused  on  examining  the  Pb  incorporation  as  a  function  of 
oxygen  pressure,^  or  on  the  energy  distributions  of  ablated  species,^  In  this  study,  we  have 
investigated  the  effect  of  the  oxygen  pressure  during  ablation  on;  1)  the  angular  distribution  of 
deposited  species,  2)  the  deposition  rate  at  the  substrate  position,  and  3)  the  type  of  species  in 
the  plume.  Evidence  that  the  oxygen  pressure  affects  1'  “  deposition  dynamics  is  clearly 
observed  by  visual  inspection  of  the  plume.  The  d  pos.ion  flux  characteristics  were 
examined  using  a  quartz  crystal  thickness  monitor  positioned  ai  the  substrate  location,  and  the 
species  in  the  plume  were  examined  using  optical  emission  spectroscopy. 


EXPERIMENTAL  PROCEDURE 

The  vacuum  system  used  for  film  deposition  consists  of  a  stainless  steel  chamber 
pumped  by  a  510  1/s  turbomolecular  pump.  During  film  deposition,  a  conductance  limiting 
aperture  is  inserted  which  allows  chamber  pressures  to  be  as  high  as  1  Torr  with  the  pump  on. 
The  oxygen  gas  flow  is  controlled  using  an  MKS  mass  flow  meter  in  series  with  a  solenoid 
control  valve,  and  the  chamber  pressure  is  monitored  using  a  Granville  Phillips  Convectron 
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gauge.  A  load-lock  chamber  with  a  magnetically-coupled  transfer  rod  enables  substrates  and 
targets  to  be  exchanged  without  breaking  vacuum.  The  substrate  heater  and  the  target  holder 
as.sembly  are  each  mounted  on  linear  motion  drives  for  positioning  during  deposition,  and  for 
load-lock  transfer. 

Substrates  are  heated  radialively  using  a  quartz  lamp  mounted  in  a  ceramic  holder. 
Substrates  are  bonded  to  a  silicon  backing  piece  (using  silver  paste)  to  obtain  gotxl  thermal 
contact  to  the  radialively  heated  Si.  A  type  R  thermocouple  is  used  to  measure  the 
temperature  near  the  substrate.  The  thermocouple  temperature  is  calibrated  by  melting  Pb 
(MP  327‘’C)  and  A1  (MP  bbO^C)  pellets,  and  scaling  the  thermocouple  readings  appropriately 
within  this  range.  The  target  holder  assembly  has  the  capability  to  hold  six  separate  targets, 
each  of  which  can  be  tilted  to  a  fixed  angle  and  rotated  continuously  about  its  center.  The 
entire  assembly  can  also  be  rotated  to  position  each  target  in  the  path  of  the  laser.  This  holder 
has  been  described  in  detail  previously!  10|.  Sputtering  targets  have  been  prepared  using 
conventional  pressing  and  sintering  techniques,  or  purchased  from  commercial  suppliers. 

A  pulsed  KrF  excimer  laser  (Lambda  Physik  LPX  301,  25  ns  pul.se)  is  used  to  impact 
the  target  material.  The  laser  impacts  45“  from  the  target  normal,  while  the  substrate  is 
positioned  along  the  normal.  The  laser  beam  is  focused  using  an  appropriate  lens,  and  enters 
the  chamber  through  a  quanz  suprasil  window.  The  beam  energy  at  the  target  location  was 
measured  using  a  Coherent  Labmaster-E  energy  meter,  and  the  focused  beam  area  was 
measured  on  a  mark  produced  on  a  Polaroid  type  55  negative  impacted  with  one  laser  pulse. 
The  average  laser  energy  density  is  thus  obtained  from  the  ratio  of  the  measured  energy  over 
the  impacted  area. 

The  angular  distribution  of  deposited  species  was  measured  by  depositing  PZT  onto 
unheated  glass  slides,  and  using  Rutherford  Backscattering  Spectrometry  (RBS)  to  measure 
the  thickness  profile  across  the  glass.  Average  deposition  rates  at  the  substrate  position  were 
measured  using  an  Inficon  XTC  quartz  crystal  monitor.  Optical  emission  spectra  of  excited 
species  in  the  plasma  were  monitored  using  a  computer-controlled  optical  multichannel 
analyzer  (OMA)  with  a  512-element  photodiode  array  located  at  the  focal  plane  of  a  0.25  m 
monochromator  with  a  150  grooves/mm  grating  (0.5  nm  spectral  resolution).  Light  was 
collected  from  the  plasma  through  a  0.4  mm  diam  optical  fiber,  positioned  perpendicular  to 
the  ablated  plume  axis,  and  mounted  on  a  linear  motion  feedthrough.  The  fiber  was  sheathed 
in  a  SS  tube,  to  prevent  deposition  on  the  fiber  end,  and  to  use  the  tube  aperture  as  a  light 
acceptance  slit.  This  enabled  light  to  be  .sampled  from  fixed  cross  sections  of  the  plume,  and 
at  various  distances  from  the  target  surface. 


RESULTS  AND  DISCUSSION 

The  effects  of  increasing  the  oxygen  pressure  during  ablation  of  PZT  are  clearly 
visible  by  observation  of  the  plume.  The  photographs  in  Fig.  1  show  the  ablation  of  a  PZT 
target  (PbZr0.52Ti0.48O3  +  10%PbO)  using  9(X)  mJ  laser  energy  (~1.95  J/cm-)  in:  a) 
vacuum,  b)  50  mTorr,  c)  300  niTorr  and  d)  900  mTorr  oxygen.  The  plume  is  that  of  one  laser 
pulse,  with  the  camera  shutter  open  much  longer  than  the  plume  lifetime.  Narrowing  of  the 
plume  is  clearly  visible  as  the  oxygen  pressure  is  increased.  Note  that  at  the  higher  pressures, 
a  narrow  stream  of  dense  emission  is  observed  along  the  centerline  of  the  plume,  indicating  a 
concentration  of  species  there.  The  color  of  the  PZT  plume  is  a  strong  blue  in  vacuum.  When 
oxygen  is  added,  the  plume  becomes  yellow/orange/red  at  the  plasma  periphery,  while  still 
bluish  inside.  Observations  of  the  plume  (visually,  photographically)  in  argon  gas  show  a 
similar  effect  on  the  plasma  shape,  but  the  plasm-'  color  remains  totally  blue.  Therefore,  the 
change  in  the  plasma  color  must  be  due  to  chemical  interactions  between  the  oxygen  and  the 
ablated  species.  The  blue  in  the  center  suggests  that  this  region  has  not  interacted 
substantially  with  oxygen. 

To  detennine  if  the  change  in  the  plasma  shape  correlated  to  an  actual  change  in  the 
angular  distribution  of  deposited  species,  the  film  thickness  uniformity  was  examined  for  PZT 
films  deposited  on  unheated  glass  slides  in  pressures  of  10,  100,  300,  and  900  mTorr  oxygen. 
Films  were  deposited  using  a  laser  energy  of  900  mJ  (-1.95  J/cm^),  3  Hz  repetition  rate,  6  cm 
distance,  and  a  2  min.  deposition  time.  The  film  thickness  distributions,  measured  usi"-;  RBS, 
are  shown  in  Fig.  2.  Note  that  the  deposition  rale  at  the  center  position  increa.ses  as  oxygen 
pressure  is  increased,  but  then  begins  to  decrease  at  very  high  pressures.  Most  importantly. 
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Figure  1.  Photographs  of  the  PZT  ablation  plume  produced  by  a  900  mJ  laser  pulse  in  ai 
vacuum,  b)  50  mTorr,  c)  300  mTorr,  and  d)  900  mTorr  oxygen.  The  actual  target  -  substrate 
distance  is  6  cm. 


the  angular  distribution  of  ablated  species  is  significantly  affected  by  the  pressure.  We  have 
fit  the  data  using  a  sum  of  two  cosine  functions,  taking  into  account  the  change  in  distance 
from  the  target  as  the  angle  6  is  increased.  The  complete  expression  for  the  deposition  rate  is 

t  (A)  =  (A/r2)cos0  +  (B/r-)cos''0  ,  ( 1 ) 

where  t  is  the  film  thickness,  0  is  the  angle  from  the  target  nomial.  r  is  the  target-to-substrate 
distance  (which  is  a  function  of  0),  and  A  and  B  are  constants.  The  first  tenn  in  eq.  (1 ) 
accounts  for  any  evaporation-like  component  of  the  flux  distribution,  and  the  second  term 
accounts  for  the  ablated  flux  distribution. 

Note  from  Fig,  2  that  the  angular  distribution,  characterized  mainly  by  the  exponent  n', 
rises  from  a  cos^^q  jp  iQ  mTorr  oxygen,  up  to  cos^^O  in  3(X)  mTorr,  and  decreases  back  to 
cos' 200  by  9(X)  mTorr.  Also,  the  magnitude  of  the  evaporation-like  component  (the  constant 
A)  increases  with  oxygen  pressure.  These  findings  reveal  that  the  ablated  species  arc  actiiallv 
tending  to  converge,  or  focus,  as  oxygen  gas  is  added.  However,  once  the  pressure  is  too 
high,  gas  scattering  effects  will  tend  to  broaden  the  distribution  out  again.  Gas  scattering 
effects  appear  to  be  the  origin  of  most  of  the  cos0  component  of  the  flux  at  high  pressures, 
with  an  evaporation  component  probably  contributing  the  rest.  (Due  to  the  high  fields 
generated  in  the  plume,  plasma  ions  repelled  back  to  the  target  could  possibly  produce  a 
sputtered  component  as  well.)  These  angular  distributions  are  much  narrower  than  those 
observed  by  Venkatesan  et  ah'*  for  YBa2Cu307-5  (YBCO)  deposition,  probably  due  to 
differences  in  the  ablation  conditions. 

Measurements  of  the  PZT  deposition  rate  (after  target  equilibration)  as  a  function  of  the 
laser  energy  and  oxygen  pressure  reveal  two  di.stinct  regimes.  This  is  shown  in  Fig.  3.  At  low 
laser  powers,  the  deposition  rate  drops  as  the  pressure  is  increased,  presumably  due  to  gas 
scattering.  At  higher  laser  power,  the  deposition  rate  increases  with  oxygen  pressure.  Based 


on  the  plume  photographs  and  the  measured  narrowing  flux  distribution,  we  believe  that  the 
rate  increase  indicates  a  focusing  type  of  effect.  (When  the  oxygen  pressure  is  increased 
beyond  3(X)  mTorr,  the  rate  again  begins  to  drop  even  at  high  power  due  to  the  gas  scattering 
effects.)  Note  that  the  deposition  rate  of  PZT  shows  no  obvious  ablation  threshold  in 
vacuum;  the  gas  interaction  effects  result  in  an  apparent  ablation  threshold  only,  but  not  a  true 
threshold.  This  behavior  has  also  been  observed  using  Ar  or  Kr  as  the  background  gas. 

The  functional  dependence  of  this  change  from  gas  scattering  to  focusing  depends  on 
the  laser  energy,  the  gas  pressure,  the  target  surface  condition,  and  the  measuring  distance. 
The  focusing  is  expected  to  occur  when  the  ablated  flux  density  and  the  background  gas 
density  are  near  the  viscous  flow  level.  The  leading  edge  of  the  plume  must  push  aside  the 
background  gas,  which  has  less  energy,  from  the  from  of  the  plume  (the  plume  front  has  the 
highest  flux  density).  The  following  ejected  species,  which  are  slower  or  ejected  at  a  later 
time,®-®  are  channeled  by  collisions  with  the  background  gas  into  this  low  pressure  region  in 
the  center  of  the  plume.  The  photographs  of  the  plume  in  Fig.  1  indicate  that  no  background 
oxygen  interacts  with  the  central  portion  of  the  plume,  consistent  with  this  explanation. 
We  believe  that  this  plume  focusing  is  a  general  phenomena,  and  will  always  be  observed  if  the 
laser  power  and  gas  pressure  are  high  enough  (will  be  dependent  on  the  target  material  and  gas 
type). 
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Optical  emission  spectroscopy  of  the  plasma  plume  was  perfomwd  to  identify  the  type 
and  state  of  the  species  in  the  plume,  as  well  as  to  teveal  effects  caused  by  interaction  with 
oxygen.  Figure  4  shows  optical  emission  spectra  from  PZT  ablated  using  400  mj  laser 
energy,  and  10  Hz  repetition  rate.  The  oxygen  pressure  was  900  mTorr,  for  the  top  curve, 
while  the  bottom  curve  shows  the  spectra  obtained  in  vacuum.  The  optical  fiber  was 
positioned  0.5  cm  from  the  target  surface  (parallel  to  the  surface,  aiming  through  the  plume). 
Note  the  abundance  of  emission  lines,  especially  in  the  blue  region  of  the  spectrum.  The  peak 
at  496  nm  is  due  to  a  reflection  of  the  laser  from  the  target  surface  (a  248  nm  "ghost "  line). 
Emission  spectra  of  individual  PbO,  Ti02,  and  Z1O2  targets  were  investigated  to  aid  in  the 
line  identification.  Only  a  few  lines  do  not  contain  significant  overlaps  from  more  than  one 
element;  these  have  been  marked  in  Fig.  4  on  the  9(X)  mTorr  oxygen  spectrum.  This  PZT 
spectrum,  as  well  as  those  of  the  separate  oxides,  reveal  that  nearly  all  of  the  excited  Pb 
species  are  neutral  atoms  (Pb  I),  while  the  Zr  consists  of  mostly  singly  ionized  species  (Zr  11) 
plus  some  neutral  atoms.  The  Ti  species  are  a  mixture  of  singly  ionized  and  neutral  atoms, 
with  the  neutral  species  appearing  to  oumumber  the  ions  (Ti  neutral  and  ion  lines  often 
overlap,  making  positive  identification  not  always  possible).  These  results  indicate  that 
attempts  to  alter  the  energy  or  direction  of  ionized  species  by  electric  fields  will  have  little 
effect  on  the  Pb  atoms,  but  will  affect  the  Ti  and  Zr  atoms,  because  many  are  ionized.  The 
abundance  of  atomic  species  over  larger  molecules  agrees  with  results  of  other  studies  of  the 
ablation  flux.2.5.7,9  jhe  absence  of  ionized  Pb  (Pb  11)  emission  is  probably  due  to  two  factors: 
Pb  has  a  higher  ionization  potential  than  Ti  or  Zr,  and  it  bonds  more  weakly  to  oxygen  (which 
would  strip  the  electron  upon  vaporization  or  gas-phase  collisions). 

The  emission  intensity  increases  sharply  with  oxygen  pressure,  as  seen  by  comparing 
the  vacuum  and  900  mTorr  oxygen  emission  spectra  in  Fig.  4.  A  similar  effect  was  seen  by 
Fried  et  al.^  for  YBCO  ablation.  Because  the  deposition  rate  does  not  increase  with  oxygen 
pressure  under  these  conditions  (400  mJ  energy,  shown  in  Fig.  3),  the  increase  in  emission  is 
due  to  some  interaction  with  the  oxygen  gas.  The  interaction  is  most  likely  a  combination  of 
an  increased  density  of  species  caused  by  the  focusing  effect  (which  would  occur  near  the 
target,  but  scattering  would  dominate  at  greater  distances),  and  some  chemical  interaction  w  ith 
the  oxygen.  The  plume  photographs  show  that  the  plume  periphery  does  chemically  react 
with  the  added  oxygen  (color  change),  although  the  emission  intensity  in  the  red  part  of  the 
spectrum  is  too  we^  for  positive  identification  of  the  peaks  (molecular  species  are  expected 
to  be  present  in  the  high  oxygen  pressures). 


Wavelength  (nm) 


Figure  4.  Optical  emission  spectra  of  PZT  ablated  in  vacuum  (bottom  curve)  and  900  mTorr 
oxygen  (top).  Excited  neutri  atoms  are  marked  T  (e.g.,  Pbl)  while  excited  ions  are  marked 
■II'. 
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CONCLUSIONS 

These  sludies  reveal  lhai  the  ablated  Auk  characteristics  of  P'/.T  are  a  strongly 
dependent  on  the  oxygen  pressure.  RBS  measurements  show  that  as  the  oxygen  pressure  is 
increased,  the  angular  distribution  of  species  narrows  sharply,  going  from  a  cos''*’B 
disinbution  to  as  high  as  ct)s-^**9  in  3(X)  mTorr  oxygen.  At  higher  pressures,  the  distnhution 
begins  to  widen,  and  a  ku'ger  portion  of  the  deptssited  flux  fits  a  cos6  distribution,  compared  to 
those  in  lower  pressures.  This  indicates  that  gas  scattering  begins  to  be  significant  at  very 
high  pressure.  The  narrowing  (focusing)  of  the  ablated  flux  distribution  in  oxygen 
corresponds  with  photographs  which  show  the  plasma  plume  narrowing. 

Measurements  of  the  PZT  deposition  rate  as  a  function  of  both  the  laser  energy  and 
oxygen  pressure  show  two  distinct  regimes.  At  low  laser  power,  increasing  the  oxygen 
pressure  decreases  the  deposition  rate  due  to  gas  scattering  effects.  At  high  laser  power,  the 
oxygen  pressure  causes  an  increase  in  the  deposition  rate,  due  to  a  plume  fiKusing  effect  W  e 
believe  that  this  focusing  is  caused  by  the  leading  edge  of  the  ablation  plume  front  phy  sically 
pushing  away  the  b.ackground  gas,  creating  a  low  pressure  channel  for  the  abltiied  species 
which  follow  (those  having  a  lower  energy,  or  ablated  later  in  time).  These  effects  were  also 
observed  in  argon  and  krypton  gas.  verifying  that  these  are  not  simply  chemical  reaction 
effects. 

Optical  emission  spectroscopy  of  the  plume  reveals  that  most  of  the  excited  species  are 
atoms.  The  Pb  atoms  are  mostly  neutrals,  while  the  Ti  and  /.r  atoms  are  mixtures  of  tons  and 
neutrals.  Therefore,  efforts  to  change  the  energy  or  direction  of  ablated  species  w  iih  electric 
fields  (biased  filaments  or  rings)  will  alter  the  film  composition  somewhat. 
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ABSTRACT 

SrTiO,  thin  ninis  were  prepared  by  ECR  and  thermal  MOCVI)  In  thermal  CV I )  mode,  Sr 
content  and  Ti  content  were  at  a  m.i.vimum  at  i)  Torr  Results  showed  that  SiO  deposition  is  a 
surtaee  reaction  limited  process  biMween  StM)  and  650  C,  whereas  TiO,  deposition  is  siirtaee 
reaction  limited  be'ween  5()()  and  6(K) '  C,  and  diHusion  liiiiiied  above  6(X)  C  ,\t  a  low  pressure 
of  8  iiiTorr.  ECR  oxygen  plasma  was  found  to  help  decompose  Ti(i-OC;tl-i,  In  ECR  CA  D 
mode,  the  deposition  temperature  could  he  lowered  to  4tX)  C  TEM  and  SE\1  analyses  showcil 
that  SrTiO,  thin  films  have  a  columnar  siruelure  The  si/e  i>f  the  grams  depends  on  him 
thickness,  and  their  shape  on  film  composition  iSr/Ti  i  Films  prepared  hy  ihcrmal  tA  I)  had  a 
lateral  step  coverage  of  50 't  40  nm  SrTiO,  thin  films  tSr/Ti  =  LO)  prepared  by  thermal  (  A  I ) 
on  Pt/TaO^/Si  and  annealed  for  2  hours  in  0<  had  a  maximum  dielectric  constant  ol  1 tCs  -  1 1 
lE/pm-  and  t^,^|  =  I  I  nm)  and  a  leakage  current  density  of  6x  10  /Vcm-  at  1  ()  V 

INTRODUCTION 

Because  of  their  high  dielectric  constants,  good  chemical  stability  and  good  insulating 
properties,  ferroelcctnc  thin  films  are  considered  as  promising  materials  ir'  leplace  Si;Nj  and 
TuiO;,  for  use  as  capacitor  dielectrics  in  future  high  density  DR.AMs.  designed  w  nh  a  simple  cell 
strueture,  .Atiiotig  the  great  variety  of  ferroelectrics.  two  families  of  materials  have  emerged 
recently  as  the  most  promising  candidates:  the  lead  titanale  family,  comprising  mostly 
ferroelectric-phase  materials  such  as  PbTiO,.  PZT  and  PLZT.  and  the  barium-stroimum  iiianaic 
family,  comprising  mostly  pataeleclric-pba.se  materials,  such  as  .SrTiO,  and  ( Ba.Sri  1  it), 

The  dielectric  properties  of  fenoelectrie  PZ  f  were  shown  recently  to  be  considerably  altered  at 
high  frequencies,  with  a  particularly  sharp  decrease  in  the  dieleetric  constant  occuring  at  1  Mil/ 
or  a  few  hundred  MHz  (1,21,  Thus,  for  high  frequency  applications  such  as  L'LSI  DK.Wls 
(clock  rate  2  100  MHz),  paraelectric  SrTiO,  and  (Ba,Sr)TiO,  seem  to  be  more  suitable  matenais 

Several  deposition  techniques,  such  as  rf-spultering  |.5-6|.  ion-bram  sputtering  |V-d).  puKcd 
laser  ablation  [lO],  metal  organic  decomposition  (1 1|.  co-evaporation  ( 12-15]  and  chemical 
vapor  deposition  (CVD)  fl4-22|  have  been  reported  to  prepare  SrTiO,  and  iBa.SrjTiO,  thin 
films.  Among  these  techniques.  CVD  is  often  considered  the  most  interesting,  w  ith  characteristic 
features  such  as  a  good  step  coverage,  high  deposition  rates,  an  easy  control  of  composition,  and 
good  thickness  and  composition  uniformities  over  large  si/e  wafers 

In  this  paper,  the  preparation  of  SrTiO,  thin  films  by  ECR  and  thermal  MfXTVD  is  reported 

EXPERIMENTAL 

A  schematic  representation  of  the  MOCVD  system  is  shown  in  Figure  1  Using  a  single 
apparatus.  SrTiO,  thin  films  were  prepared  either  by  ECR-CVD,  or  by  thermal  CVD  Titanium 
isopropoxide  Thi-OCiH,),  (or  TIP)  and  strontium  dipivaloylmcthanatc  Sr(DPM),  were  useil  as 
the  metalorganic  sources,  and  oxygen  was  used  as  the  oxidant  The  bottle  containing  liquid  TIP 
was  maintained  at  20  '■'C  in  a  water  bath,  and  the  bottle  containing  solid  Sri  DPM ),  was  heated  at 
190  °C.  Argon  was  used  as  the  carrier  gas  to  transport  the  metalorganic  vapors  The  gas  lines 
between  the  source  bottles  and  the  reaction  chamber  were  maintained  at  220  Argon  gas  IJovv 
was  regulated  by  mass  flow  controllers  placed  upstream  from  the  source  bottles  .Argon  How 
rates  were  varied  between  50  and  .500  seem  for  TIP  and  Sr(DPM),,  and  oxygen  IJovv  rales 
ranged  from  100  to  5(X)  seem  (I0(J  seem  in  ECR  mode).  In  both  the  ECR  and  Thermal  CVD 
modes,  the  total  gas  flow  rate  was  maintained  between  400  and  840  seem  Pressure  in  the  TIP 
bottle  was  monitored  by  a  pressure  sensor  acting  on  a  pressure  control  valve,  pkiced  dow  nsiream 
from  the  bottle.  TIP  and  .Sr(DPM),  vapors  were  mixed  just  before  injection  into  the  reaction 
chamber.  In  Ihermal-CVD  mode,  oxygen  was  mixed  with  the  melalorgaiiics  prim  to  injection. 
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.ind  111  fcC'K  C'V  n  iiiudc,  .in  EL'R 
i'\>"t'ii  plaiiiia  '.las  generated  abi’ie 
the  suhsirate,  as  shciviii  iii  Figure  I 
rile  eoil  eurrent  ivas  18.5  .A.  and  a 
povier  ot’55lF6()0  W  nas  iiiainlaiiied 
throughout  the  deposition.  Substrates 
were  plaeed  on  a  rotating  holder  and 
heated  by  a  backside  resistance,  at 
lenipera'ures  ranging  Inmi  401)  to 
650  C  Silicon,  sapphire  and 
Pt/TaO^/Si  4 '  w  aters  were  used  as 
suDstrates  The  piiiiiping  sysiein 
con.isted  ot’  a  senes  oT  a 
iiirbiinioleeiilar  pump,  a  mechanical 
booster  pump  and  a  rotary  pump  In 
ECR-CVD  inode,  tvpical  operating 
pressures  were  in  the  range  ot  5  to 
10  inTorr.  In  Theriiial-CVD  tiiode. 
the  turboniolectilar  pump  was 
bypassed  Using  the  inechanieal 
booster  pump  and  rotary  pump  only, 
operating  pressures  were  in  the  range 
ot 0.5  to  lOTorr  .A  circular  stainless 
steel  piece,  surrounding  waters  and 
comprising  12  unitonnly  distnbuted 
holes,  was  installed  in  the  deposition  chamber  to  allow  unilorm  pumping  tiom  ihe  boiiom  ol  die 
wafers.  In  thernial-C'VD  mode,  a  supplementary  qu-ul/  piece  was  insialied  aboie  the  sutisiiaies 
111  order  to  reduce  the  volume  of  the  reaction  chamber  l  ilm  thicknesses  were  me.i.siired  by 
elllpsometry  for  films  deposited  on  silicon  and  sapphire.  ,ind  using  a  surface  profiler  iDeki.ik 
.lO.fO)  for  films  prepared  on  Pt/Ta(),/.Si  substrates  [Mini  composition  iSr/Tii  was  esiiiiuiied  by 
Rutherford  backscaltering  spectrometry  iRBS).  inductively  coupled  plasma  atomic  emission 
spectroscopy  ( ICP-AES)  or  energy  dispcrs.on  .X-ray  analysis  lEDXi  Eleelneal  propenies  were 
evaluated  using  Au/SrTiO,/Ptn'aO/Si  eapacitors  Only  the  gold  top  elecirodes  were  patterned 
For  electrical  measurement,  contact  ve  as  made  'o  die  Au  top  eleeiroile  luul  on  the  .Auy'Ti  meialh/ed 
backside  of  the  wafers.  Capacitance  and  tan  6  were  measured  in  the  IIKl  11/  lo  |o  Mll.- 
frequency  range,  and  values  retained  lor  the  dieleeine  constant  were  obtained  ai  10  kHz 

In  both  eVD  modes,  deposition  rates  of  5  to  10  ,A/inin  were  obtained,  .ind  composiiioii  .md 
thickness  uniformities  were  about  lO'F  across  4  '  .^illeon  wafers 
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RESULT.?  AND  DISCUSSION 


I  Reactions  m  the  TlP-Sr(DPV1).-Oy  system 

The  effect  of  the  total  pressure  and  substrate  temperature  on  the  deposiiion  rate  ,ind 
composition  of  SrTiOs  thin  films  were  investigated  in  lliennal-CX  D  mode  on  silicon  subsli.iiCN 
Sr  and  Ti  counts  are  presented  In  Figure  2  as  a  function  of  pressure  and  temperatuie 

First,  the  pressure  m  the  reactor  was  varied  from  (1  56  to  6  00  Ton  i75  lo  SOO  Pai,  by 
introducing  ballast  gas  In  the  e.xhaust  line  before  the  mechanical  booster  pump,  reducing  the 
pumping  capacity  of  the  reaction  chamber.  .All  other  parameters  were  kepi  coiwiani.  w  iih  a  lol.il 
gas  How  of  840  seem  (420  seem  and  a  substrate  temperature  ol  600  C  The  results  sliow 
that  Sr  and  Ti  deposiiion  rates  arc  ma.ximuni  at  the  lowest  investigated  pressure  of  0.56  Torr  An 
increase  in  the  total  pressure  induces  a  reduction  in  the  gas  How  velocity,  and  an  increase  in  (he 
residence  lime  of  the  reactants  in  the  deposition  chamber  As  a  result,  the  eoncentration  '  f 
reactive  species  in  the  gas  phase  is  increased,  and  this  possibly  leads  lo  increased  extraneous 
deposition  on  the  walls  of  the  reaction  chamber.  It  is  thus  preferable  to  operate  .it  the  low 
pressure  of  0.56  Torr.  for  which  the  best  thickness  and  eomposiiion  uniformities  of  10'"  and 
2‘/T  respectively  were  obtained. 

In  a  second  series  of  experimenl.s.  the  chamber  pre,ssurc  was  set  at  0  56  Torr  and  the  substrate 
temperalare  was  varied  between  500  and  650  ’C.  all  other  parameters  being  unchanged  As  can 
be  seen  in  Figure  2,  in  Ihemial-CVD  mode,  the  deposition  of  Sr()  on  silicon  from  SiiDl’M  i. 
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Fig.  2  Tliemial-CVD  on  Si  Vanaiion  of  the  Sr  and  Ti  RBS  counts  vi.ith 
a)  pnessure  (al  6(X)  -C)  and  b)  substrate  temperature  (at  i)..a6  Tom 

vapor  and  oxygen  is  a  surface  reaction  controlled  process  between  500  and  650  C  As  for 
titanium,  no  deposition  occurred  at  a  temperature  of  500  °C.  The  deposition  of  TiOi  has  been 
reported  to  occur  at  temperatures  as  low  as  300  ’C.  under  a  total  pressure  of  6  Torr  [2.3).  A  low 
operating  pressure  of  0,56  Torr  and  other  operating  parameters,  such  as  the  gas  flow  rates,  the 
distance  between  the  injector  and  the  substrate,  as  well  as  the  overall  design  of  the  reactor  could 
explain  the  difference  observed  between  our  results  and  the  reponed  results.  Titanium  deposition 
occurs  when  the  temperature  is  increased  to  550  'C.  but  levels  off  above  600  ’C  TiO;  deposition 
from  TIP  vapor  and  oxygen  thus  appears  to  be  a  surface  reaction  controlled  process  between  500 
and  600  °C.  and  a  diffusion  limned  process  above  600  °C.  In  the  diffusion  limited  regime,  the 
titanium  deposition  rate  can  be  raised  by  increasing  the  supplying  rate  of  titanium  species  to  the 
substrate  surface,  in  order  to  adjust  composition  (Sr/Ti)  (231.  In  our  system,  composition  was 
adjusted  by  changing  the  pressure  in  the  TIP  bottle,  changing  the  partial  pressure  of  TIP  vapor  in 
the  gas  transport  line.  In  the  ECR-CVD  mode,  the  pumping  system  configuration  did  not  allow 
large  variations  in  the  operating  pressure,  which  was  maintained  at  a  few  mTorr  The  substrate 
temperature  was  varied  between  400  and  700  ’C.  As  shown  in  Figure  3.  the  growth  of 
crystallized  SrTiOj  thin  films  occurred  at  temperatures  as  low  as  4(X)  "C  on  sapphire.  At  400  ^C, 
only  a  low  intensity  1 10  peak  of  cubic  perovskite  SrTiOj  could  be  detected.  At  600  and  100  “C, 
for  films  prepared  with  a  composition  ratio  Sr/Ti  =  1.0  on  Si  and  Pt/TaO,/Si  by  both  ECR  and 
thermal-CVD,  100  and  200  SrTi03  peaks  were  also  detected,  and  still  no  other  phase  than 
SrTi03  (Sr2Ti04  for  example)  was  observed. 
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Fig.  3  XRD  spectrum  of  900  A  SrTi03  films  (Sr/Ti  =  0.9)  by  ECR-CVD  on  A1-.03  at  400 
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Fig.  4  RBS  spectra  of  samples  prepared  in  ECR-CV’D  mode  al  600  “C  on  AFO. 
With  ECR  plasma  (a)  and  without  (b). 


With  characteristic  features  such  as  a  high  plasma  density  and  low  ion  energy,  ECR  plasma  is 
known  to  allow  deposition  of  high  quality  films  at  low  substrate  temperatures  [24],  The  low- 
energy  ion  bombardment  interacts  with  the  gas  phase  and  the  substrate  surface.  As  a  result,  the 
mobility  of  adsorbed  species  is  enhanced,  and  reactions  otherwise  impossible  can  occur.  In  order 
to  investigate  the  effect  of  the  ECR  plasma  on  the  deposition  efficiency  of  Sr  and  Ti.  an 
experiment  was  performed  in  ECR-CVD  mode  at  8  mTorrand  600  °C  using  a  sapphire  substrate, 
without  generating  the  ECR  plasma.  Oxygen  was  injected  between  the  coils  of  the  ECR 
generator,  but  no  plasma  was  produced.  The  results  are  presented  in  Figure  and  a  comparison 
is  made  with  an  experiment  performed  in  similar  conditions  but  with  producing  the  oxygen 
plasma.  The  suppression  of  the  ECR  plasma  induced  a  reduction  in  the  strontium  count  by  a 
factor  of  7,  and  titanium  almost  completely  disappeared.  The  film  thickness  was  reduced  from 
1 100  A  to  about  250  A.  Thus,  a  low  pressure  of  8  mTorr,  the  ECR  plasma  strongly  assists  the 
decomposition  of  TIP,  and  to  a  lesser  extent  the  decomposition  of  SrlDPlvDi.  When  plasma  is 
produced  in  the  ECR-CVD  mode,  Ti(i-OCjH7)4  decomposition  might  occur  in  the  vapor  phase, 
assisted  by  the  ECR  plasma,  whereas  SrfDPMji  decomposition  would  mainly  occur  at  the 
substrate  surface,  and  be  less  affected  by  the  ECR  plasma. 


2.  Sr^Tij^Oi  microstructure 


The  microstructure  of  Sr^Tii.^Oj  thin  films  was  investigated  by  transmission  and  scanning 
electron  microscopy.  A  TEM  cross-section  of  a  sample  prepared  by  ECR-CVD  at  600  ”C  on 
Pt/TaO^/Si  is  shown  in  Figure  5a.  SrTi03  films  grow  with  a  crystallized  columnar  structure  on 
platinum,  and  no  amorphous  layer  is  observed  at  the  interface  with  the  platinum.  .An  SEM  top 
view  of  the  same  sample  is  shown  in  Figure  5b.  The  grain  size  of  these  films  ranges  from  10  to 
20  nm.  An  extensive  study  of  the  surface  morphology  showed  that  the  microstructure  of  the 
films  prepared  by  both  ECR  and  ihermal-CVD  does  not  depend  on  the  substrate,  but  on  the 
thickness  and  composition,  when  films  are  thicker  than  400  A.  An  amorphous  layer  of  200  to 
300  A  can  be  formed  for  films  prepared  on  Si  and  SiOi  (but  not  on  Pt)  [6],  depending  on  the 
composition  of  the  films,  as  is  discussed  later  (see  §  3).  Similar  to  the  results  obtained  by  Feil  et 
al.  [14],  the  grain  size  was  observed  to  depend  on  the  film  thicknesc.  For  4CX)  A  thick  films,  the 
grain  size  ranged  from  10  to  20  nm  (Figure  5c),  for  600  A  thick  films  the  grain  size  ranged  from 
20  to  30  nm  (Figure  5d),  and  for  2000  A  thick  films,  the  grain  size  was  between  30  and  60  nm 
(Figure  5e).  The  shape  of  the  grains  changed  with  composition.  Grains  had  a  round  shape  for 
Ti-rich  films  (Sr/Ti  <  1.0  -  Figure  5f).  a  triangular  shape  for  Sr/Ti  =  1.0  (Figure  5g),  and  a 
stretched  triangular  shape  for  strontium-rich  films  (Sr/Ti  >1.0-  Figure  5h) 


Fig.  5  Sr,Ti|.,03  siruclure  a)  TEM  cross-seclion  (Pt  thickness  =  600  A)  and  b)  SEM  top  view 
of  500  A  thick  films  (Sr/Ti  =  0.9)  prepared  at  600  °C  on  Pt/TaO,/Si  by  ECR-CVD.  c)  lo 
h)  surface  morphology  of  films  prepared  at  75  Pa  and  600  °C  on  Si  by  thernial-CVD.  c) 
400  A  -  Sr/Ti  =  0.9,  d)  600  A  -  SrATt  =  0.9,  e)  2000  A  -Sr/Ti  =  0.9.  f)  Sr/Ti  =  0  8  - 
1000  A.  g)  Sr/Ti  =1.0-  lOtX)  A,  h)  Sr/Ti  =  1 .2  -  900  A. 
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3.  Swp  ijOYCrasg 

Step  coverage  of  SrTi03  thin  films  prepared  by  thermal-CVD  on  silicon  substrates  with  SiO, 
steps  at  100  Pa  and  600  “C  was  investigated,  and  the  results  are  presented  in  Figure  6.  Films 
with  a  composition  ratio  of  Sr/Ti  =  0.4  (Figure  6a)  and  Sr/Ti  =0.8  (Figure  6b,'  were  prepared  In 
order  to  facilitate  the  SEM  observation,  the  SrTi03  layer  was  encapsulated  by  a  3000  A  sputtered 
tantalum  layer.  The  minimum  lateral  step  coverage  was  about  50  %  for  both  films.  This  value  is 
lower  than  the  one  obtained  for  films  prepared  by  liquid-source  CVD  [22],  but  is  much  higher 
than  results  obtained  using  physical  deposition  techniques  such  as  evaporation  or  sputtering  In 
Figure  6a,  an  amorphous  layer  of  about  200  to  400  A  is  observed  at  the  SrTi03-silicon  interface, 
and  a  thinner  layer  of  about  100  to  200  A  is  observed  at  the  SrTi03-Si02  interface  No 
amorphous  layer  can  be  observed  in  Figure  6b.  This  result  would  indicate  that  the  presence  of  an 
amorphous  layer,  possibly  a  titanium  rich  oxide  phase,  depends  on  the  Sr/Ti  ratio.  More  data 
need  to  be  gathered  to  confirm  this  explanation. 


a)  b) 

Fig.  6  Step  coverage  of  3000  A  SrTi03  films  prepared  by  thermal-CVD  at  100  Pa 
and  600  °C  on  Si-Si02  (step)  a)  Sr/Ti  =  0.4 ,  b)  Sr/Ti  =  0.8. 


As  was  shown  above,  in  thermal-CVD.  at  a  pressure  of  0.56  Toir  (75  Pa),  thickness  and 
composition  uniformities  are  good,  and  the  Sr  and  Ti  deposition  rates  are  at  a  maximum.  When 
the  temperature  is  raised  above  600  "C,  hillocks  appeared  on  the  platinum  surface.  Electrical 
properties  were  measured  for  films  prepared  by  thermal-CVD  at  a  pressure  of  0.56  Torr  and  a 
temperature  of  600  "C.  40  nm  and  100  nm  thick  SrTi03  films  (Sr/Ti  =  1.0)  were  prepared  on 
Pt/TaO,/Si  substrates.  After  deposition,  the  films  were  annealed  for  2  hours  at  600  °C  in  an 
oxygen  ambient  at  atmospheric  pressure.  C-V,  C-freq.  and  1-V  characteristics  were  measured  for 
as-deposited  and  annealed  films,  using  0.09  mm^  square  electrodes.  As  seen  in  Figure  7a,  a 
,  capacitance  of  2.7  nF  and  a  dielectric  loss  of  0.01  were  measured  for  the  40  nm  annexed  films. 

The  corresponding  dielectric  constant,  Si02  equivalent  thickness  and  total  charge  capacity  were 

,  Ef  =  139,  tgq  =  1 . 1  nm  and  Cs  =  31  The  increase  in  tan  5  observed  in  Figure  7a  is  due  to 

I  a  parasitic  resistance  in  the  measuremc.it  system,  and  more  precise  measurements  showed  that 

'  capacitance  and  dielectnc  loss  remain  constant  over  the  range  of  100  Hz  to  100  MHz.  The  I-V 

characteristics  of  40  nm  and  100  nm  annealed  films  are  shown  in  Figure  7b  and  7c.  A  leakage 
current  density  of  6x10  *  A/cm^  was  measured  at  1.0  V  for  the  40  nm  annealed  films. 
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As-deposittril  40  nin  t'llins  hud  a  dieteciric  constant  1 1 and  a  leakage  current  density  ot  I  2x10  ' 
A/cm-  at  I  t)  V.  The  annealing  treatment  helped  increase  the  dielectnc  constant  and  improve  the 
1-V  charactenstics.  The  main  effects  of  the  annealing  treatment  in  oxygen  ambient  are  considered 
to  be  desorption  of  carbon  incorporated  in  the  films  during  deposition,  and  improvement  ol  the 
crystalline  structure  of  the  films.  As-deposited  100  nm  films  had  a  dielectric  constant  of  96  and  a 
leakage  current  density  of  1x10  ’  .Aycm-.  the  same  films  lehen  annealed  had  a  dielectnc  constant 
of  210  (tjjj  =  1.9  nni)  and  a  leakage  current  density  ot  IxlO*?  A/cm-  The  best  charge  storage 
capacity  was  obtained  for  the  40  nm  films.  As  the  leakage  current  density  did  not  vary  with 
annealing  for  thicker  films,  the  present  annealing  process  is  probably  not  optimum. 

45  nm  SrTiO,  thin  films  (Sr/Ti  =  1  0)  were  prepared  by  ECR-CVD  on  Pt/TaO,/Si  electrodes 
at  600  and  8.5  mTorr  Films  were  annealed  at  600  “C,  either  by  rapid  thermal  annealing 
(RTA)  for  1  minute  in  oxygen,  or  by  furnace  annealing  for  30  minutes  in  oxygen  Leakage 
current  densities  were  about  A/cm-  for  all  samples,  and  the  dielectnc  constants  were  20. 
140  and  150,  for  as-deposited,  furnace  annealed  and  RT.A -annealed  films,  respeciixelv  For 
ECR-CVD  films,  the  best  results  were  obtained  for  RTA  annealed  films  (Ef  =  15fl  and  i,  =  1.1 
nm),  similar  to  the  best  results  obtained  by  thermal-CVD,  Optimization  of  the  annealing  process 
is  needed  to  further  improve  these  results. 


a) 


b)  c) 

Fig.  7  a)  C-f  and  b)  1-V  characteristics  of  40  nm  SrTiOj  on  Pt/TaO,/Si  by  tbermal-CVD  at 
600  °C  c)  1-V  characteristics  of  100  nm  SrTi03  in  same  conditions  (all  annealed  2  hours  in  O,) 
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CONCLUSION 

SrTiO,  ihi/t  IiIiks  wc’rc  prepared  by  ECR  and  thermal  MOCVi)  The  elleei  i>l  the  total 
prcssuie  and  die  substrate  temperature  on  the  deposition  rates  ol  strontium  and  titanium  acic 
investigated  In  Ihernial-CVD  nuxle  at  0  Torr.  results  showed  that  SiO  deposition  is  suitaee 
reaetion  limited  between  SOO  and  6(K)  C.  whereas  TiO,  deposition  is  surtaee  leaeiion  limited 
betw  'en  SOO  and  6(K)  '’C,  and  dilTusioii  limited  above  6(H)  “C  At  a  low  pressure  ot  S  mlon. 
ECR  oxygen  plasma  was  found  to  help  deeompose  Tili-OCiH^t,  The  deposition  lemperatuie 
eould  be  lowered  to  400  C,  using  ECR  oxygen  plasma  SEM  analysis  showed  thai  ihe 
mieroslrueture  of  SiTiOi  thin  lllnis  depends  on  the  film  thickness  and  (he  Sr/di  eoiiiposiiuui 
ratio.  The  step  coverage  results  showed  that  SiTiO.  thin  tilms  prepared  by  iherniaTCA'n  hare  a 
minimum  lateral  coverage  of  50  54  40  niii  .SrTiOi  thin  Tiliiis  (SiAfi  =  I  D)  prepared  hy  ECR  and 
lliermaTCVD  at  600  C.  and  annealed  for  2  hours  at  600  C  in  ()-  ai  atmosphene  pressure  hail  a 
maximuiii  charge  storage  eapaeily  of  41  IE7pm-  o^.^|  =  I  I  nm)  Results  iiidicalcd  a  leakage 
curreni  density  two  orders  lower  for  ihermal-CVl)  films  than  for  ECR  C\  1)  films,  with  a  \alue 
ofbxlO**  A/eiii-ai  1,0  V. 
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